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Process improvement is a vital part of manufacturing competitiveness. Methodologies exist to
provide a structured framework for process improvement. This thesis analyzes a process
improvement methodology and applies the methodology to an ultrasonic welding application.
Also provided are background explanations for both the process improvement methodology and
ultrasonic welding of plastic parts. One iteration of the methodology is applied to a specific
ultrasonic welding application. This thesis presents and discusses the results achieved from
applying the methodology. Following a discussion of current process practices, a strategy is
outlined for future process improvements.
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1. INTRODUCTION
It is the intent of Motorola to produce and provide products and services of the
highest quality which are responsive to the needs of our customers. In these
activities, Motorola will pursue goals aimed at the achievement of quality
excellence. These results will be derived from the dedicated efforts of each
associate in an environment which is participative, cooperative, creative and
receptive to new ides as we collectively strive to achieve our Fundamental
Objective of Total Customer Satisfaction.
Dedication to quality is a way of life at our company, so much so that it goes far
beyond rhetorical slogans. Our ongoing program of continuous improvement
reaches out for change, refinement and even revolution in our pursuit of quality
excellence.
-- Motorola's Energy Products Division Quality Handbook
Traditionally, most manufacturing corporations have not taken a structured approach to process
development and the solving of manufacturing process problems. Historically, companies have
"inspected quality in" rather than "building it in". A company can best "build in quality" by
moving its focus from product inspection to process control, and ultimately to drive quality
improvements via product and process design.
Motorola, a global manufacturer, continues to differentiate itself through its product and process
quality. Motorola has achieved quality leadership by placing emphasis on continual
improvement in its products and processes. Motorola formulated its fundamental objective of
Total Customer Satisfaction with Six Sigma Quality being defined as a key initiative. In 1988
Motorola was recognized nationally for its quality and by 1990 overall product quality was at a
5.3 sigma level. In an attempt to reach six sigma quality levels there is a continual push to
improve processes and to achieve zero defects.
To attain six sigma quality levels, an understanding of the variability in the manufacturing
process and how this variability affects and impacts the cost and quality of the delivered product
is crucial. Through improved understanding of a process, one gains proficiency in implementing
improvements to the process and also an enhanced understanding of defect causes in the process
and the delivered product.
Motorola has developed a methodology called Process Characterization which identifies sources
of variation, optimizes the process, and then controls these variations. Statistical tools and
methods are used throughout the process characterization methodology to isolate those sources of
variation and control them. The methodology uses a checklist to ensure a disciplined, structured
approach. A structured methodology allows one to reflect on the learning that occurs and helps
one to understand how the learning can be transferred to other processes and other parts of the
organization. A structured methodology also allows one to understand how a problem can be
approached differently if the desired results are not achieved. The ultimate goal of the
methodology is to reduce process variation, resulting in lower costs, higher quality, and in turn
Total Customer Satisfaction.
1.1 THESIS OVERVIEW
The scope of this thesis is to understand the variability in an ultrasonic welding process.
Ultrasonic welding is a core manufacturing process for Motorola's Energy Products Division.
Motorola's Energy Products Division (EPD) is part of the Automotive, Energy and Controls
Group. EPD designs and manufactures batteries and the related charging products to support
Motorola's cellular phones and land mobile products. EPD is headquartered in Lawrenceville,
GA with manufacturing sites in Vernon Hills, IL, Dublin, Ireland, Penang, Malaysia, and Tianjin,
China. From a manufacturing perspective, EPD is essentially an integrator and assembler of
energy products that provide "the power to communicate".
1.1.1 Motorola's Process/Optimization Checklist
This thesis follows Motorola's Process/Optimization Checklist for one iteration of a specific
ultrasonic welding application. Motorola's Process Characterization Checklist has five phases:
1. Definition Phase
* State objectives and goals
* Develop process flow diagram at micro level
* Identify input and response variables
* Develop cause-and-effect diagram
* Rank input variables in order of criticality to the response variables
2. Capability Phase
* Establish measurement system capability for each key input and response variable
* Ensure the process is stable and under control
* Determine the existing capability of each process response variable
3. Analysis/Improvement Phase
* Conduct experiments to determine the critical input variables
* Determine relationship between input variable and critical response variables
* Establish optimum operating target and range for all critical inputs
* Confirm the Optimization Model
* Are the improvement goals being met? If not, repeat phase 1, 2, and 3
4. Control Phase
* Implement control tools to monitor each key input and response variables
* Develop a detailed Out of Control Action Plan
5. Documentation Phase
* Document the results of the characterization/optimization study
Chapter 2 of this thesis explains the basics of the ultrasonic welding assembly process to provide
the reader with a fundamental understanding of the process to which the process improvement
methodology will be applied. Chapter 3 provides a detailed overview of the process
improvement methodology. Chapter 4 discusses results of the methodology. Chapter 5 discusses
current process data collection and recommends future improvement efforts. Chapter 6
recommends and discusses alternative approaches for adding to EPD's ultrasonic welding body
of knowledge. Chapter 7 summarizes contributions to EPD's ultrasonic welding body of
knowledge.

2. INTRODUCTION TO ULTRASONIC ASSEMBLY
Portions of this chapter have been adapted from ultrasonic welding literature of EPD's two main
ultrasonic welding equipment vendors. [Dukane, 1995 and Herrman, 1995]
The human ear can hear mechanical vibrations in the frequency range of 16 Hz to 16 kHz.
Inaudible frequencies below 16 Hz are known as infrasound and those between 16 kHz and 100
GHz are known as ultrasound. Frequencies above 100 GHz are known as hypersound. Ultrasonic
welding is thus by definition the use of ultrasonic vibrations to join parts together into an
assembly.
Ultrasonic assembly is widely used in a variety applications in the automotive, medical,
electronics, appliances, toys, textiles, consumer products, and numerous other industries. Forty-
five percent of the applications are in automotive with approximately two hundred applications
per automobile. The process is "green" in that it does not use solvents, adhesives, or mechanical
fasteners. Its advantages over other assembly processes are that it is clean, efficient, and
repeatable. Assemblies are cycled quickly making it an economical assembly process.
Ultrasonic plastics assembly is the joining of thermoplastics parts through the use of heat
produced by converting electrical energy into high frequency mechanical motion or ultrasonic
vibrations. These vibrations are concentrated in the joint area on the plastic parts. These
vibrations, when applied to a plastic part under pressure, create frictional heat and cause the
plastic in the joint area to melt. As the plastic cools, a homogeneous bond is formed between the
components.
2.1 TYPICAL ULTRASONIC WELDING CYCLE
1. The two plastic parts to be joined are placed in a fixture with one part on top of the other.
2. A tool, called a horn, is brought into contact with the upper plastic part.
3. Pressure is applied to the horn thus holding the two plastic parts together. The purpose of
this pressure is to ensure that the two parts to be joined are in intimate and continuous contact
with each other along the entire length of the joint surface prior to initializing the ultrasonic
vibration. One should be careful not to use too much pressure. If the pressure is too great,
the joint surface can be deformed. The purpose in joint design is to provide point contact for
efficient melt initiation. Deformation could cause an increase in energy and time to achieve
the weld which often results in cosmetic damage.
4. The horn is vibrated vertically at 20 kHz for a predetermined amount of time. The
mechanical vibrations are transmitted through the plastic parts to the weld joint. The
frictional heat causes the temperature at the joint to reach its melting point which causes the
plastic to melt and flow together. The vibration is then stopped.
5. The holding force is maintained for a predetermined time to allow the plastic parts to cool
which allows the melted material to bond together.
6. After the bond is completed, the holding force is removed and the joined assembly is
removed from the fixture.
Figure 2.1 depicts each of the ultrasonic welding stages. [Dukane, 1995]
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Figure 2.1 Typical Ultrasonic Welding Cycle
2.2 SYSTEM COMPONENTS
There are four major system components of an ultrasonic welder: the generator, the transducer,
the booster, and the horn. The generator changes standard electrical power into electrical energy
at the operating frequency. The transducer converts the high frequency electrical energy into
vertical mechanical motion or vibrations. These vibrations are then transmitted to the booster
which either increases or decreases the peak-to-peak vibration or amplitude. The change in
amplitude is expressed as gain. Gain is the ratio of output amplitude to input amplitude. The
vibrations are then transmitted to the horn and in turn transmitted to the plastic parts to be joined
together.
2.3 PLASTIC MATERIALS
Plastics are usually engineered materials consisting of polymers. Polymers are formed by
polymerization, which is a chemical process in which two or more molecules are combined to
form a larger molecule. Polymers can be classified as either thermosets or thermoplastics.
Thermosets are not suitable for ultrasonic assembly because they degrade when subjected to
intense heat. Thermoplastics on the other hand soften when heated and cool when hardened and
are thus ideally suited for ultrasonic assembly.
To weld two thermoplastic parts, the materials involved need to be chemically compatible. If the
materials are not chemically compatible the materials might melt but not bond. Dissimilar
thermoplastics may be compatible if they have similar melting points and molecular structures.
Several other material characteristics can also affect part weldability. Hygroscopicity is the
tendency of a material to absorb moisture. Certain resins like polycarbonate are hygroscopic. If
moisture is trapped inside a part, the water will evaporate during the welding process and could
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affect the joining itself and/or negatively impact the aesthetics of the joint. The welding process
can be affected by the addition to the material of lubricants, fillers, and mold release agents.
These additives enhance the material properties but can negatively impact the weldability. One
also needs to monitor regrind and resin grade. Regrind is the term given to material that has been
recycled and added to the original resin. Regrind and resin grade can affect weldability by
altering the melt temperatures of the material.
2.4 JOINT DESIGN
Basic requirements in joint design are:
* uniform contact area
* small initial contact area
* means of alignment
* means of encapsulating the melted material
Uniform contact area is needed to ensure intimate contact along the entire joint. A small initial
contact area is needed for optimum initiation of the melt. A means of alignment is needed to
ensure that the part does not misalign during the welding process. The melted material needs to
be encapsulated or captured within the joint. Encapsulating the melt assures maximum bonding
strength and reduces flash. Some common joint designs are the energy director joint and the
shear joint. The energy director joint, shown in Fig. 2.2, has a uniform contact area with a small
initial contact, but it has no means of alignment and no means of encapsulating the melted
material.
Before Weld After Weld
Figure 2.2 Basic Energy Director Joint
A shear joint, shown in Fig. 2.3, has a "designed-in" interference. The joint is formed by melting
the contacting surfaces. The shear joint meets three of the basic requirements, but it has no
means for encapsulating the melted material.
Before Weld After Weld
Figure 2.3 Shear Joint
The joint should be on a single, parallel plane to ensure equal transmission of the mechanical
vibrations to the joint interface. The part should be designed knowing that the entire part will be
vibrated. Sharp corners and other areas of localized stress may crack under the vibrations. Care
should also be taken to ensure that the upper part does not flex during the vibrations and fatigue
the part.
2.5 MAJOR COMPONENT DESIGN
The press system is extremely important in that it applies the force to the parts during the weld
cycle. If the press system flexes, it may produce inconsistencies in force and in the welding
process.
The horn is the part of the acoustical system that is responsible for delivering the mechanical
vibrations to the parts. Horns are typically made from aluminum, titanium, or steel and are
usually custom made for an application. Design considerations include the gain of the horn itself
and uniform amplitude across the entire horn face.
A fixture is used to support and align the parts during the welding process. Support is needed so
energy can be efficiently transmitted to the joint area. For some applications, support of the side
of the part is needed so the part will not bulge under shear forces.
2.6 BASIC UNDERSTANDING OF ULTRASONIC WELDING VARIABLES
The ultrasonic welding equipment used was a Dukane Ultrasonic Welder with an Ultra-Corn
Ultrasonic Process Controller. The variables associated with the welder are thus defined as
Dukane defines them in their literature. For the Dukane Ultrasonic Welder, the user has the
choice of using two cycles, varying the amount of pressure used from one cycle to the next.
Following is a description of the input and response variables that were part of the ultrasonic
welding process improvement.
Downstroke Distance effectively measures the distance at which the mating part is contacted by
the horn.
Downstroke Time is the length of time for the horn to travel the weld distance.
Absolute Distance is the user-defined distance the horn travels from the distance encoder
reference mark, regardless of when the horn contacts the part.
Weld Time P1 is the length of time the ultrasound is applied to the part while Pressure 1 is being
applied to the part.
Weld Distance P1 is the distance the press travels while the ultrasound is applied to the part
under Pressure 1.
Weld Energy P1 is the amount of energy drawn from the generator while the ultrasound is
applied to the part under Pressure 1.
Peak Power P1 is the highest instantaneous power delivered to the transducer during the
Pressure 1 portion of the weld cycle.
Weld Time P2 is the length of time the ultrasound is applied to the part while Pressure 2 is being
applied to the part.
Weld Distance P2 is the distance the press travels while the ultrasound is applied to the part
under Pressure 2.
Weld Energy P2 is the amount of energy drawn from the generator while the ultrasound is
applied to the part under Pressure 2.
Peak Power P2 is the highest instantaneous power delivered to the transducer during the
Pressure 2 portion of the weld cycle.
Total Weld Time is the sum of the Pressure 1 and Pressure 2 weld times.
Total Weld Distance is the sum of the Pressure 1 and Pressure 2 weld distances.
Total Weld Enerev is the sum of the Pressure 1 and Pressure 2 weld energies.
Total Cycle Time is the length of time from the start of the weld cycle to the end of the weld
cycle. The start of the cycle is defined as the point at which the Auto Input or manual safety
switches are closed. The end of the cycle is defined as the point at which the head retracts from
the part.
Total Stroke is the absolute press position as measured from the distance encoder reference
mark.
The following variables are application related.
Back Cover Height is the height of the cover beyond the datum of the housing as measured
across the charger contacts of the battery.
Front Cover Height is the height of the cover beyond the datum of the housing as measured
across the latches of the battery.
Length is the length of the battery from the bottom of the housing to the far end of the housing in
which the cover fits.
Housing Cavity is the mold cavity used as the battery housing. The injection molding tool for
the specific application has two housing cavities: I and II.
Cover Cavity is the mold cavity used as the battery cover. The injection molding tool for the
specific application has two cover cavities: 1 and 2.
Flash is the overflow of molten plastic from the joint area.
Burn is the presence on either the housing or cover where plastic material has been melted
unintentionally.
Blemish, also known as marking, occurs when there is cosmetic scuffing or marring of plastic
parts by the horn or the fixture.
Because of the consumer nature of Motorola communication products, the cosmetic condition of
the batteries is as important as the joining characteristics. When working with cosmetic defects
which are attribute or qualitative data, one needs to quantify these defects. Quantification of this
data is one of the challenges of modeling the process. Flash and blemish are two such attribute
variables. To quantify these variables, a template was developed to place over the battery. The
template had 14 squares. Each battery was "scored" based upon using this template. If the
attribute defect occurred in one of the squares that square was given a score of "1". If the
attribute defect did not occur in the square, the square was given a score of "0". A copy of the
template is shown in Fig. 2.4.
Figure 2.4 Attribute Defect Scoring Template
Cell Height, as measured by the "simulator gage", consists of two components:
height of top of cells as they sit in the housing
alignment of the cells with each other and how they "fit" with the "scalloped out"
clearance regions of the cover cavity
The "simulator gage" is designed to encompass both of these components into one measurement.
The housing fits into the poured cavity to establish a datum plane. The measurement plane is
then lowered down on top of the battery until it stops of its own accord. The measurement plane
is constrained so that it will seek the ideal placement. The measurement plane stops at the point
of greatest effective cell height. Four measurements are made. Two in the middle of the battery
and two at the bottom of the battery, where most "bulging" occurs. The measurements are
labeled as 1,2,3, and 4. To help provide correlations, cell heights are averaged for the right, left,
top, bottom, and average measurements. The measurements are a relative measurement that is
not directly tied into battery internal clearances.
Width is the width of the battery from one side to the other. This dimension is to be held for the
entire length of the battery. Width measurements are thus taken in three locations: Width A,
across the charger contacts (one end); Width B, across the radio contacts (middle); and Width C,
across the latches (the other end).
1 8
2 9
3 10
4 11
5 12
6 13
7 14

3. METHODOLOGY OVERVIEW
Chapter 2 presented background information on the ultrasonic welding process. This chapter
elaborates on Motorola's process improvement methodology:
1. Definition Phase
* State objectives and goals
* Develop process flow diagram at micro level
* Identify input and response variables
* Develop cause-and-effect diagram
* Rank input variables in order of criticality to the response variables
2. Capability Phase
* Establish measurement system capability for each key input and response variable
* Ensure the process is stable and under control
* Determine the existing capability of each process response variable
3. Analysis/Improvement Phase
* Conduct experiments to determine the critical input variables
* Determine relationship between input variable and critical response variables
* Establish optimum operating target and range for all critical inputs
* Confirm the Optimization Model
* Are the improvement goals being met? If not, repeat phase 1, 2, and 3
4. Control Phase
* Implement control tools to monitor each key input and response variables
* Develop a detailed Out of Control Action Plan
5. Documentation Phase
* Document the results of the characterization/optimization study
This chapter concludes by discussing another known process improvement methodology.
Chapter 4 discusses results from applying the process improvement methodology to a specific
ultrasonic welding application.
3.1 DEFINITION PHASE
3.1.1 State objectives and goals
A problem well-defined is half solved. It is important to clearly state the objectives of the
process improvement effort to ensure proper focus and manageability. If the problem is not well-
defined and the goals and objectives of the process improvement effort are not clearly defined, a
lot of time, money, and effort can be wasted.
3.1.2 Identify process flow diagram
Process mapping is a useful first step in process improvement. The process is mapped with all of
its various steps, by actually observing the process in production. This is extremely important
because operators will frequently perform steps or operations that are not specifically called out
by build aid instructions. These operator idiosyncrasies can often be the cause of process
deviations. To capture all potential operator idiosyncrasies, the process should be observed on
multiple shifts.
3.1.3 Identify input and response variables
Brainstorming can be used to capture all the key quality characteristics or response variables that
need to be included in the process improvement effort. The brainstorming session should include
all key personnel who work with the process such as operators, technicians, engineers, and
process experts. Before the brainstorming session, all participants should familiarize themselves
with the process map. Processes change with time, so it is important that all participants in the
brainstorming session fully understand the current process. If key input variables are not
identified in the brainstorming session, the process improvement methodology can lead down a
sub-optimal path.
3.1.4 Develop cause and effect diagram
Cause and effect diagrams are also known as Ishikawa diagrams or fishbone diagrams. This tool
was originally proposed by Kaoru Ishikawa, a Japanese engineer. [Ishikawa, 1982] The goal of a
fishbone diagram is to identify possible causes of quality deviations and to help identify
relationships between these causes. The quality characteristic to be investigated is placed in a
box on the right of a line. To provide a framework for identifying possible process deviations,
four main branches are investigated: machine, material, methods, and measurements. Detailed
causal factors are added as "twigs" onto the main four branches. A separate fishbone diagram
should be completed for each response variable.
Drawing fishbone diagrams is beneficial for numerous reasons. Completing the diagram itself
can be quite educational and can provide an effective communication tool for discussing the
process and the possible cause and effect relationships. Shoji Shiba suggests the use of the 5
Why's to discover more in-depth and detailed causal relationships which facilitate the
completion of the diagram. [Shiba, Graham, and Walden, 1993]
3.1.5 Rank input variables
Ranking of the input variables in order of their criticality to the response variables provides an
initial hypothesis as to the relationships between input and response variables. Initial hypotheses
are usually based upon engineering judgment that is developed by working with the process on a
daily basis. One risk of ranking the order of criticality is that it tends to be based on individual
judgments and intuition rather than facts.
3.2 CAPABILITY PHASE
3.2.1 Establish measurement system capability
Lord Kelvin said, "If you can't measure it, you can't optimize it". [Fowlkes and Creveling,
1995] Based upon Lord Kelvin's maxim, it is important to assess the validity of the
measurement system before using the measurement system to generate inputs to the process
improvement process. One should not be misled into thinking that measurement variation is
process variation. Gage assessment in the form of Repeatability and Reproducibility (R&R)
studies should become an early priority in the process improvement methodology.
Observed variation in a process consists of actual variation in the process as well as variation in
the measurement system. Measurement variation can be attributed to variation within a sample,
variation due to operators, and variation due to the gage. Variation due to the gage can be broken
down into four components: repeatability, calibration, stability, and linearity. Repeatability is
how the gage varies within a small time interval. Calibration describes whether the gage is
measuring the absolute value that it should be. Stability is a measure of how the gage changes
over time. Linearity describes how well the gage functions over the full spectrum of possible
measurements. Figure 3.1 shows these sources of process variation [Barrentine, 19911].
Observed Process Variation
Actual Process Variation Measurement Variation
Long-Term Short-Term Variation Variation Variation
Process Variation Process Variation within a Sample due to Gage due to Operators
I I I IRepeatability Calibration Stability Linearity
Figure 3.1 Possible Sources of Process Variation
Variation due to operators and variation due to the gage is the focus of gage R&R studies.
Reproducibility is variation due to operators. Repeatability is variation due to the gage. R&R
studies make the assumption that calibration, stability, and linearity do not have major impacts
on measurement variation. This assumption should be validated before beginning the study.
R&R studies usually express results in terms of %GR&R and P/T Ratio. %GR&R is the percent
of the repeatability and reproducibility variation to the total variation. P/T Ratio is the percent of
the repeatability and reproducibility variation to the tolerance. P/T Ratio can not be calculated
for one-sided specifications. Normally, R&R results of less than 10% are considered excellent,
while results greater than 30% are unacceptable.
The most important consideration though is not what the percentage is, but rather what one can
learn from doing the R&R study to improve the measurement system. Based upon the results of
an R&R study, improvements in operator training, familiarity with the gage itself, and possibly a
review or modification of the measurement process is needed. It might also be determined that
the measurement system performance goals are unrealistic due to time, cost, or technology
constraints. When assessing the R&R results, the process capability results should be
considered. At low process capability values, process improvement is more important than R&R
improvements.
When performing R&R studies, several trials with several appraisers should be performed on the
same parts. Each appraiser should measure parts in a random order. To avoid appraiser bias,
appraisers should not know which part they are measuring.
3.2.2 Ensure process is under control
Statistical tests assume that samples are drawn from a single universe. Until control charts
indicate that this assumption is valid, estimates and/or statistical analyses of the distribution
underlying the process are not valid. Control charts should be completed for input and response
variables as a check of this single universe assumption.
3.2.3 Determine process capability
In the capability phase, one needs to determine the existing capability of each process response
variable. Process capability has two components: the "spread" or variance of the data and the
amount that the data's mean is "off-center". A basic knowledge of capability of a process can
help determine what parts of the process should initially be investigated. If a process is capable
and in control, there is no need to focus improvement activities on that particular process
response variable. In capability analysis, a comparison is made between the natural tolerances of
the process response variable and the desired or established specification limits. Based upon the
capability analysis, action should be taken to center the process, reduce the variability of the
process, change specification limits for the process response variable, accept the losses or take no
action.
There are two major indices to help describe process capability: Cp and Cpk. Cp is the process
capability potential and is defined as:
Cp = (USL-LSL)/6a
where USL is the upper specification limit of the process response variable, LSL is the lower
specification limit, and o is the standard deviation of the variable in question. The numerator is
the specification width and the denominator is the process width or spread. Cp measures the
spread of the response relative to the specification width, but it does not account for whether or
not the process is centered relative to the specifications.
The process capability index, Cpk, takes into account how "centered" the actual process spread is
relative to the allowable specification limits. Cpk is defined as:
Cpk = minimum[ (Ii -LSL)/3a, (USL-g)/ 30]
where g is the mean of the response variable. The other variables are the same as for Cp. Both
of these indices imply that the distribution of the response variable is in control and can be
represented by a normal distribution. These implications might not be met for process response
variables that have skewed distributions.
If the process is on-target, then Cp=Cpk. Because of long-term drift, special causes, and
common causes, the process mean wanders about over time. Because of this process drift, long-
term variation is typically 1.5a off target. To account for this long-term process drift, Motorola
uses the following equation to calculate Cpk, assuming that gi = (LSL+USL)/2 [Fowlkes and
Creveling, 1995]:
Cpk = [1-1.5/(3*Cp)]*Cp
Process capability indices can be directly correlated to process performance, as shown in Table 1.
[Fowlkes and Creveling, 1995] DPMOp is a Motorola metric that expresses quality in terms of
number of defectives per one million opportunities to make a defect.
Table 1 Capability Indices Correlations
On Target 1.5a off target
Quality CE DPMOp Cpk DPMOp
3c 1 2700 .5 66,800
40 1.33 63 .83 6210
50 1.67 .57 1.17 233
60 2.0 .002 1.5 3.4
3.3 ANALYSIS/IMPROVEMENT PHASE
3.3.1 Experimentation
Not all input variables directly affect the critical response variables. Much time, cost, and effort
can be saved by proper experimental design. The following section is a brief introduction to the
basics of experimental design. For more information on sound experimental design, the author
recommends Douglas C. Montgomery's Design and Analysis of Experiments.
The first step in experimentation is to run screening designs, which are concerned with
estimating main effects. Screening designs examine many factors to see which factors have the
greatest effect on the response variables. Depending on the results of the screening experiment,
the experimenter either knows which variables he might want to control for improved
performance and/or which variables should be further investigated to optimize the process.
Most screening experiments are done at two levels for each factor concerned. Since the goal of
screening designs is to find main effects, screening designs make the assumption that higher-
order factor interactions have minimal effects on the response variables. Rather than running a
full factorial experiment with each combination of factors run at two levels, fractional factorial
experiments are sometimes run. Fractional factorial designs usually do not consider the effect of
interactions between the input variables. After initial screening designs, the experimenter can do
further full factorial experiments to further optimize the process.
Experimentation often initially occurs in a region that is a local, rather than a global, optimum.
The optimal condition can be found through iterative experimentation. Repeated full factorial
designs can be used. A better approach is to first perform a factorial experiment in the initial
region and approximate the unknown response surface by a linear function to determine the path
of steepest ascent. Then to find the optimum, response surface methodologies, which include
quadratic and interaction components, can be used to find the optimal conditions for the input
variables. [Hogg and Ledolter, 1992] Good experimental practice calls for confirmation of the
experimental results. If the results cannot be confirmed, there is probably an error in either the
experimental design and/or the results.
3.3.2 Continuous improvement
"In the race for quality there is no finish line." This statement is symbolic of the continuous
improvement mindset which believes that there is always room for further improvement. There
is a point in time though where iteration should come to an end and the process improvement
efforts should focus on another aspect of the problem. If the goals of the process improvement
efforts have not been achieved, the methodology should be repeated. For each successive
iteration, the learning from the previous iteration should be incorporated into the process.
The belief that "in the race for quality there is no finish line" is further embodied in the work of
Dr. Genichi Taguchi. Dr. Taguchi and his method of quality improvement known as Robust
Design focuses on the lowest cost solution. [Fowlkes and Creveling, 1995] Included in the cost
are losses to the customer, losses to the manufacturer, and losses to society. The goal of quality
improvement should be to minimize this "loss" function. Both customers and manufacturers
lose time and money when products perform off-target. This loss in dollars, L, due to off-target
performance can be stated as
L(y) = k (y-m)^2
where k is the quality loss coefficient, y is the measured response, and m is the target value of the
response. The loss due to quality approaches zero as the process performance approaches the
target.
3.4 CONTROL PHASE
After a system is optimized, one wants to maintain and control the input and response variables
that result in that optima. Some variability will be inherent in any process. The key is to monitor
the process to ensure that any variability is a natural result of the process and is not attributable to
special causes or long-term process drift. The focus of this process monitoring should be the key
response variables and the key inputs that affect these responses. The goal is to be able to predict
when a process will be out of control rather than waiting until defects occur. Plans should also
be in place, and implemented, to return the process to its optimal condition.
Several process control tools exist. The most popular one is statistical process control, also
known as SPC. With SPC, key variables and control limits are plotted on a chart. The control
limits are usually calculated to be plus or minus three standard deviations from the mean. If
variables start falling outside of these limits, the process is becoming unstable or out of control
and one should start looking for the causes of the out of control condition and eliminate the
causes prior to any defects occurring. One caution with using control charts is that making
process adjustments too frequently can create excessive variation.
Another effective control tool which is simpler than SPC is pre-control. The goal of pre-control
is to prevent defects. As stated above, the goal of SPC is to identify variation due to special and
assignable causes. Pre-control is an inexpensive way to simply provide decision rules for
operators to follow for adjusting and controlling their process so that the process will not produce
defects. For more information on pre-control and its numerous advantages, the author
recommends reading Keki R. Bhote's World Class Quality.
After a process is found to be out of control, it is important to get the process back under control
as soon as possible. A detailed Out of Control Action Plan will list potential out-of-control
conditions and suggest a structured set of steps to aid in identifying the cause of the out-of-
control condition. The plan can save much time and effort. The plan is also an excellent
educational and training tool for operators and engineers.
One tool that can be used is Positrol which means positive control. Positrol ensures that the key
process variables that have been optimized stay optimized by stating what variables will be
controlled, who will control them, how they will control them, where the measurements will be
made, and when the measurements will be made. Positrol thus ensures that a plan exists for
monitoring the process. [Bhote, 1991] The next step is adjusting or correcting the process if it is
found to be out of control.
The plan should also include detailed setup instructions and preventative maintenance plans for
any process equipment, and calibration schedules for the gages. In keeping with the continuous
improvement mindset, a troubleshooting log should be kept of all out of control conditions and
the actions taken to resolve them. This troubleshooting log can establish a knowledge data base
to help build process knowledge and understanding.
3.5 DOCUMENTATION PHASE
The documentation phase is sometimes called the institutionalization phase. The purpose of
institutionalization is to implement best practices and standards across the business unit.
Institutionalization should lead to shared information and knowledge transfer. Documentation
provides a roadmap for future process improvement efforts on the current process and also
improvement efforts on new processes or applications.
3.6 COMPARISON OF METHODOLOGY
Motorola's Process Characterization/Optimization Checklist is very similar to the WV model of
continuous improvement. [Shiba, Graham, and Walden, 1993] The WV model of continuous
improvement is based on systematic and iterative improvement. There are three stages of
systematic improvement: process control, reactive improvement, and proactive improvement.
Process control is to maintain the operation of a good process and is based on the "SDCA cycle".
S is to have a Standard. D is to use or Do the standard. C is to evaluate or Check the effects. A
is to Act to return to the standard. Reactive improvement utilizes the 7 QC steps and/or the 7 QC
tools, as shown in Table 2. [Shiba, Graham, and Walden, 1993]
Table 2 Reactive Improvement
7 QC Steps 7 QC Tools
1. Select theme Check sheet, graph, Pareto diagram,
2. Collect and analyze data histogram, scatter diagram, cause-and-
3. Analyze cause effect diagram
4. Plan and implement solution
5. Evaluate effects Check sheet, graph, Pareto diagram,
histogram, scatter diagram, cause-and-
effect diagram, control chart
6. Standardize solution
7. Reflect on process (and next problem)
In proactive improvement, management senses a problem but is not sure what it is. By thinking
about the problem and then collecting data on the situation, the problem can be formulated and
defined.
The second part of continuous improvement is iterative improvement. The main tool for iterative
improvement is the "PDCA cycle". P is for Plan. Analysis is done of the existing process and
planning is done as to how the process might be corrected. D is for Do or implement the plan. C
is for Checking that the plan works and results in improved performance. A is for Act, to modify
the previous process appropriately, document the new process, and do it. The "PDCA cycle" of
iteration provides a structured approach to continue the improvement effort.
Motorola's process improvement methodology employs a lot of the same steps and tools that the
WV model of continuous improvement uses. Both methodologies encourage iteration of the
process and continuous improvement based on applying knowledge and learning from prior steps
and iterations. The ultimate goal of any process improvement methodology is to produce a
better, improved process. Chapter 4 discusses the results of applying Motorola's process
improvement methodology to a specific ultrasonic welding application.
4. APPLICATION OF METHODOLOGY
The previous chapter outlined Motorola's process improvement methodology. This chapter
discusses how the methodology was applied to a specific ultrasonic welding application. The
first three phases (definition, capability, and analysis/improvement) are discussed in detail. The
control phase is not discussed because only one iteration of the process improvement
methodology was completed. The fifth phase, documentation, is embodied by this thesis. This
chapter concludes with a summary of the results of the first three phases of the process
improvement methodology.
4.1 DEFINITION PHASE
The objective of this process improvement effort is to develop a 60 process. As part of the
problem definition phase, pareto diagrams, shown in Fig. 4.1, were constructed. The top defects
in alphabetical order were bums, cracks, flash, high cover height, and length.
Dfects JLy'96 Defects Akg '96
50
40
30
•0 M/
40%0 3*/0,
2T/6y08 p/
IW I 1 E 1 I I I I i
lect pes eect ype
Figure 4.1 Pareto Diagrams of Defects
To better understand the process and to facilitate the brainstorming session, a fishbone diagram,
Fig. 4.2, and a macro process map, Fig. 4.3, were completed. To identify the relevant input and
response variables, a brainstorming session was held. Participants in the session included
process engineers, technicians, and quality and process engineering experts. A listing of the
relevant variables and their definitions are found in Section 2.6.
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At this point of the definition phase, the methodology suggests ranking the input variables in
order of criticality to the response variables. This step of the methodology was bypassed. It was
decided to capture all process parameters to ensure that no key variable was overlooked.
Because there is no current method to measure setup quantification, although identified as a key
variable in the brainstorming session, it was omitted from the process improvement effort.
4.2 CAPABILITY PHASE
The capability phase consists of two phases: determine measurement system capability and
determine process capability. To determine measurement system capability, gage R&R studies
were performed. To determine process capability, an "historical" data sample was gathered. The
data was collected after the process had run successfully for several shifts.
4.2.1 Establish measurement system capability
This section delineates the gage R&R study for one response variable, back cover height, and
then provides summaries of the other production gages. Back cover height, front cover height,
and length were measured with production gages. Width and cell height are not measured in
production, so these measurements were performed off-line in the lab with non-production gages.
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Figure 4.4 Gage R&R Data
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Figure 4.4 is a summary of the data collected for the R&R study. Each appraiser, A, B, and C,
measured ten parts, numbered 1 through 10. Each appraiser performed three trials with each trial
consisting of measuring all ten parts.
ANOVA
Appraisers
Parts
Appraisers*Parts
Gage(Error)
Total
DF
2
9
18
60
89
SS
0.000110872
0.000103169
2.23889E-06
5.5E-06
0.000221781
MS
5.54361 E-05
1.14633E-05
1.24383E-07
9.16667E-08
F I Prob>F
1.356902357 I 0.187617651
Appraiser*Part Interaction is Not Significant
Figure 4.5 Gage R&R ANOVA Analysis
Figure 4.5 shows the ANOVA analysis from which the %GR&R and P/T Ratios are calculated.
To confirm the statistical significance of the Appraisers and Parts, F-test statistics and the
associated P-values (Prob>F) were calculated and are shown in Fig. 4.6. A p-value less than .05
is considered to be statistically significant. Figure 4.6 shows that Appraisers is statistically
significant, Parts is significant, and the Appraisers*Parts interaction is not significant.
ANOVA F-test Statistic P-value (Prob>F)
Appraisers 604.7564 1.72E-40
Parts 125.0533 1.84E-35
Appraisers*Parts Interaction 1.357 .1876
Figure 4.6 Significance of Appraisers and Parts
Ideally, a gage R&R study will show that Appraisers are not significant, Parts are significant, and
Appraisers*Parts Interaction is not significant. If Appraisers are significant, certain appraisers
may be inexperienced or improperly trained. If Parts are not significant, the measurement system
may not be able to detect differences between parts due to the variability of the measurement
system. If the interaction is significant, the effect of appraisers is dependent upon the level of the
part and this interaction should be investigated and understood.
Figure 4.7 shows the summary of the variation sources. To calculate the variation, the process
distribution width is entered into the top of this figure. 5.15 standard deviations is commonly
used as the process distribution. 5.15 standard deviations cover 99% of the measurement
variation. [Barrentine, 1991]
Percent of Total Variation for Repeatability & Reproducibility (R&R) is the %GR&R. For this
example, %GR&R is 77.86%. Percent of Tolerance for Repeatability & Reproducibility (R&R)
is the P/T Ratio. For this example, the P/T ratio can not be calculated because back cover height
has a one-sided spec. For %GR&R and P/T Ratio values less than 10% are considered
acceptable, values between 10% and 30% are considered marginal, and values greater than 30%
are considered unacceptable.
.. -
I Enter Process Distribution Width in Sigma's (Typically 5.15 or 6.00) = 5.15
SOURCE OF VARIATION
Repeatability (EV - Equipment Var)
Reproducibility (AV - Appraiser Var)
Appraiser * Equipment Interaction (IV)
Repeatability & Reproducibility (R&R)
Part Variation (PV)
Total Process Variation (TV)
SIGMA
0.000314987
0.001358147
0.001394195
0.001123687
0.001790657
VARIATION
0.001622181
0.006994457
0.007180104
0.005786989
0.009221884
Figure 4.7 Gage R&R Summary
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Figure 4.8 R&R Plot - by parts
Figures 4.8, 4.9, 4.10, and 4.11 are tools to provide further insight into the ANOVA analysis.
Figure 4.8 R&R Plot-by Parts shows the respective R&R's by each part. Each of the ten
subgroups represents each part's measurements for each of the three appraisers. For each part
subgroup, the horizontal dotted line is the subgroup mean. For each subgroup, each appraisers'
three measured values are connected by a vertical line with each individual measurement being
signified by an horizontal tick mark. Each part plot should have roughly the same shape. If the
parts do not have roughly the same shape, one of the appraisers might have a systematic bias.
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Figure 4.9 R&R Plot - by appraisers
Figure 4.9 R&R Plot-by Appraisers shows a subgroup for each of the three appraisers. Each
subgroup contains measurements of all ten parts. Each measurement for each part is connected
by a vertical line with the horizontal tick marks signifying the individual measurements. The
horizontal dotted line is the overall mean for each appraiser's subgroup. For each subgroup, the
mean values for each part are connected with the mean values of the preceding and succeeding
parts. The three dotted lines should fall in a straight line. If they do not, one or more of the
appraisers might need to be retrained in the proper gaging method. Each subgroup's solid lines
should have roughly the same shape. If they do not, appraiser bias may exist and should be
further investigated. In this example, appraiser A or appraisers B and C might need training.
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Figure 4.10 Part - Appraiser Average
Figure 4.10 Part-Appraiser Average Chart should have at least 50% of averages fall outside the
control limits. If this does not occur, the measurement system might not be precise enough to
differentiate part to part variation. The control limits are calculated by the following equations:
Upper Control Limit = g + A2 * Rbar
Lower Control Limit = t - A2 * Rbar
where g is the mean of all 90 measurements, A2 is a constant based on the number of appraisers,
and Rbar is the mean of the ranges for each appraiser's three trials of each part. [Hogg and
Ledolter, 1992] In this example, 80% of averages are outside control limits, so the measurement
system is adequate to detect part to part variation.
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Figure 4.11 Part by Appraisers Plot
Figure 4.11 Part by Appraisers Plot compares the averages for each part by appraiser. For each
appraiser, the average values for each part are connected with the preceding and succeeding parts.
The three lines should follow each other. If one or more lines lie below the others, one or more
of the appraisers might need to be retrained in the proper gauging method. In this example,
appraiser A or appraisers B and C may need training.
Table 3 summarizes the gage R&R studies for back cover height, front cover height, and length.
Table 3 Summary of Initial Gage R&R Studies
Gage P/T Ratio % GR&R
Back Cover Height N/A due to 1-sided spec. 77.9
Front Cover Height N/A due to 1-sided spec. 27
Length 325.126 95.8
In Table 3, only the front cover height gage exhibits acceptable performance. Review was done
of the results and the gauging methods for back cover height and length. The back cover height
and length R&R studies were repeated using the same parts from the prior study. Table 4 shows
the new results.
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Table 4 Summary of Gage R&R Studies
Gage P/T Ratio % GR&R
Back Cover Height N/A due to 1-sided spec. 31.41
Front Cover Height N/A due to 1-sided spec 27
Length 23.25 15.96
This time the results are acceptable. The prior results, though, indicate a problem with the
robustness of the gages themselves. Review of the gages was completed to see if their designs
could be improved to provide better performance. Gages were modified, but the modified gages
did not provide better results. Because of the time required to do another gage design iteration, it
was decided to proceed with the process characterization methodology.
Since operators were not available for performing the width measurements, the author
"simulated" a R&R study by measuring the parts in three different locations and substituted the
locations for operators. A caliper was used to make the measurements. The %GR&R = 99.93%
and P/T Ratio = 67.6%. Parts could have been measured on an optical comparator but due to the
high cost of time to measure the parts on the comparator, it was decided to go ahead and use the
caliper method in spite of the unacceptable R&R performance.
Cell height was measured with the author's "simulation" gage. To analyze gage R&R, an
ANOVA analysis was performed resulting in %GR&R = 92.51%. Since a tolerance did not
exist on this "relative" measurement, a P/T Ratio could not be calculated. This value is
unacceptable, but the author decided to use this measurement device since no other measurement
method existed.
4.2.2 Ensure the process is under control
Upon control charting the input and response variables the following variables showed some out
of control conditions: back cover height, length, cell height, downstroke time, downstroke
distance, and P1 peak power. For these variables, the assumption that samples are from a single
universe is not valid. The instability on back cover height, length, and cell height confirm the
previous concerns about the gage R&R for these measurement systems. Cell height instability is
also related to the "waiting time" prior to measurement. The cell height measurements had to be
done off-line in the lab and could not be done at the same rate as the regular process.
Downstroke distance is the distance the horn travels until it reaches the part and downstroke time
is the time for the horn to travel this distance. Instability in these variables might be due to actual
cell height variation.
4.2.3 Determine process capability
After establishing the measurement system capabilities, the process capabilities were calculated
from the historical data set. Table 5 shows the capability indices.
Table 5 Process Capability Indices
Response Variable Cpk
Back Cover Height .982 N/A due to 1-sided spec.
Front Cover Height 1.208 N/A due to 1-sided spec.
Length 2.776 2.630
Width 7.232 3.382
Cp = 2 and Cpk = 1.5 equate to six sigma quality levels. The width and length capabilities are
surprising because of the measurement system variation. The poor back cover height capability
can be partially attributed to its measurement variation as well. Improvement is definitely needed
for the two cover height specifications.
4.3 ANALYSIS/IMPROVEMENT PHASE
The definition and capability phases of the process improvement methodology establish a process
baseline from which to begin, and from which to measure improvements. The next phase of the
methodology, analysis/improvement, focuses on producing results. As an initial step for the
analysis phase, it was decided to perform an in-depth analysis of the data set that was used to
determine process stability and capability. By running this "natural" experiment the author
wanted to find the "path of steepest ascent" for optimizing the process. A large data set was
collected to provide enough degrees of freedom for proper analysis.
4.3.1 Natural Experiment
The first step in analyzing a data set is to "mine the data". The data can be found in Appendix A,
and Fig. 4.12 shows histograms and box plots for total weld time and total weld energy.
Graphical displays of these data can often be quite helpful in uncovering nuances in the data.
Statistical descriptors of the data such as mean, maximum, minimum, and variance were
calculated. Histograms, box plots, and scatter plots were used to explore the data. Histograms
show the distribution of the data. Histograms will usually show a normal distribution. If the
distribution is skewed or bimodal, the data should be investigated for possible causes.
A box plot shows the data with a box representing the 25th and 75th quartiles. The line across
the box identifies the median value. The diamond inside the box identifies the sample mean and
the 95% confidence intervals. The bracket on the left of the box shows the most dense half of the
observations. The lines extending vertically from the ends of the box show the outermost data
point that falls within the distance that is 1.5 times the interquartile range. Single points on the
box plot show data points that fall outside of the interquartile range. Some times these outliers
are errors in the data or from the data entry and should be investigated as to their legitimacy.
These outliers can have tremendous leverage in affecting statistical analysis of the data and might
need to be removed from the data set. The box plots show outliers that need to be investigated.
Figure 4.12 Sample Histogram and Box Plots
Scatter plots show the relationship and the nature of the relationship between two variables. If
the scatter plot of two variables are linear, then the two variables have a strong correlation with
each other. Figures 4.13, 4.14, and 4.15 are sample scatterplots.
Several observations can be made from Fig. 4.13:
* During the P1 cycle, weld distance, weld energy, and peak power show correlation.
* During the P2 cycle, weld time and weld energy show correlation, but peak power does not.
* The P2 cycle is a much larger contributor than the P1 cycle to total weld energy.
In Fig. 4.14 1,2,3, and 4 refer to cell height measurements and Ave refers to average battery
width. Several observations can be made:
* Strong correlations exist between total weld time and total weld energy
* There is some correlation between back cover height and total weld time and energy.
* There is minimal correlation between cell height and other variables.
* Cell height 3 and cell height 4 have bimodal distributions. These two distributions were
investigated, but no cause for this bimodal behavior was found.
In Fig. 4.15 1, 2, 3, and 4 refer to cell height measurements. Figure 4.15 shows little correlation
between any of the variables.
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Figure 4.14 Scatterplot Matrix for Weld and Gage Parameters
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Figure 4.15 Scatterplot Matrix for Cell Height and Gage Parameters
As stated before, the attribute data of flash and blemish was scored by whether or not the defect
existed in each region of the battery. To determine significance or correlation between these
defects and the regions, chi squared tests of independence were performed on the data.
Figure 4.16 shows these test distributions.
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Figure 4.16 Flash vs. Region
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Figure 4.18 Flash vs. Blemish
Several observations can be made from these figures:
* Both flash and blemishes are dependent upon the region
* Flash and blemishes, though region dependent, are not from the same distribution.
* Many blemishes and flash occur on the top and bottom of the battery.
Analysis of control charts was performed to check out stability of the variables. Analysis was
also done to observe any trends in the data. If any trends or abrupt changes occur in the control
charts, they should be investigated for possible causes of the behavior. Upon doing trend checks,
it was discovered that several variables such as P2 weld time, Fig. 4.19, and P2 weld energy, Fig.
4.20, show significant drops in the data. Investigation of the data set shows that the housing
cavity changed from I to II at this point.
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Figure 4.20 Control Chart for P2 Weld Energy
For production runs, EPD separates housing cavities before running them down the production
line. Cover cavities are not separated for the production run and show a random variation during
the production run. The first 100 batteries show that this policy is not always adhered to. When
the housing cavity did change, no one on the line notified the technician to make any process
changes. Analysis was done for differences in all key variables based upon cavity changes both
in the housing and cover cavities. Table 6 and Table 7 show comparisons between the cavities
and the associated p-values. P-values less than 0.05 signify a significant statistical difference in
the two groups based upon a 95% confidence interval. These tables show statistically significant
differences in the weld and process parameters for both the housing and cover cavities.
.
ill
Table 6 Housing Cavity Analysis
Variable Housing I Housing II p-value
P1 Weld Energy 130.323 137.2 .0001
P1 Peak Power 605.16 634.657 .0001
P2 Weld Time 1.17412 1.11625 .0001
P2 Weld Energy 959.001 914.672 .0001
Total Weld Time 1.42443 1.36625 .0001
Total Weld Distance .086257 .085336 .0005
Total Weld Energy 1089.34 1051.92 .0001
Length -.00057 -.0018 .0001
Front Cover Height .014435 .013829 .0794
Back Cover Height .010707 .008448 .0001
Table 7 Cover Cavity Analysis
Variable Cover 1 Cover 2 p-value
P1 Weld Energy 131.395 134.6 .0046
P2 Weld Time 1.17325 1.13028 .0001
P2 Weld Energy 955.122 928.513 .0001
P2 Peak Power 966.16 1007.82 .0001
Total Weld Time 1.42325 1.38032 .0001
Total Weld Distance .085055 .086695 .0001
Total Weld Energy 1086.5 1063.16 .0001
Length -.00018 -.00189 .0001
Front Cover Height .015130 .013298 .0001
Average Width 2.57808 2.57944 .0001
The next step in the analysis is to perform a regression analysis to determine a model for the
process parameters. Multiple regression analysis was performed for each of the following
response variables: back cover height, front cover height, length, width, total weld energy, and
total weld time. Table 8 shows the dependent variables and the respective RA2, intercept,
parameter, and F-test values for each best fit regression. The F-test value is the probability that
the model has statistical significance. The purpose of Table 8 is to show the relative importance
of each process parameter to see if any variables are candidates for process monitoring or
optimization. For the multiple regression analysis, a parameter estimate was left in the model if
the t-statistic p-value was less than 0.1. Looking at the F-test statistic for each model, each of
these models is statistically significant. Another data set should be collected to verify these
mathematical process models.
Table 8 Summary of Regressor Variables
Lenoth Front Cove Back Cover Width A Width B Width C Width Ave Total Weld Enerav Total Weld Time
R^2 0.192 0.346 0.426 0.127 0.272 0.419 0.424 0.844 0.433
Intercept -0.026 17.343 -0.063 2.338 2.704 2.692 2.581 36,715.384 -57.405
Downstroke Time 0.017 0.051
Downstroke Dist. -10.134
P1 Weld Dist. -0.288 -0.121 -0.124 -0.067 -3.884
P1 Peak Power 0.000 0.371 0.000
P2 Weld Time 0.012 0.016 729.026
P2 Peak Power 0.000 0.000 0.209 -0.001
Total Weld Dist. -10.734
Total Stroke -21,579.110 34.899
Front Cover -0.298 -2,963.341
Back Cover -0.253
Length _ -1,623.005
Right -0.002
Cell Height - 3 0.001 0.001
Housing 0.001 0.001 0.001 0.001 -0.001 10.838 0.038
Cover 0.002 -0.001 -0.002 -0.001 -0.001
F-test <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
4;3.2 Experimentation
Because of the complicated nature of the assembly process, all experimentation was done in a
production environment rather than in a laboratory setting. Administering an experiment in a
production environment is more difficult than administering an experiment in a lab setting.
Because of the coordination costs of a large multi-factor experiment in a production
environment, five one-factor-at-a-time experiments were performed. When performing
experiments, a structured approach provides a framework to ensure proper experimental practice.
The following framework was used:
1. State objective of the experiment
2. Select input variables
3. Select key characteristics to be measured
4. Conduct the experiment
5. Analyze the results
6. Draw conclusions
4.3.2.1 Weld Joint Height
The welding experts stated that this application had been overdesigned. (Appendix J) This
application was one of the first to be designed for ultrasonic assembly. The designers wanted to
make design robust enough from a performance perspective (drop and pull test) to be able to
"sell" this green process and eliminate the previous use of adhesives and glues which were
messy, costly, and had a longer cycle time. (Data for this experiment can be found in Appendix
B.)
Objective of the experiment: The goal of this experiment is to understand the relationship
between the amount of material in the weld joint to be welded and the amount of energy and time
required to melt this material.
Select input variables: The input variable is the weld joint height, which is the amount of
material to be melted. Three heights were run: 20, 40, and 100. These are relative heights with
100 being the normal height. An outside vendor reworked the 20 and 40 subgroups by
machining the weld joints to the desired height. Rough measurements were made to ensure the
correct heights had been properly machined. All other areas of possible interference on the
cavities were removed with a hand tool.
Select key characteristics to be measured: The key characteristics are weld time and weld
energy.
Analyze the results: Regression analysis shows a linear relationship between the energy director
height and both total weld time and total weld energy. Figures 4.21 and 4.22 show the complete
regression analyses including plots, regression models, ANOVA analysis, parameter estimates,
and residual plots.
The analysis shows that the mean values and their variances increase linearly with weld joint
height. From differences of means analysis, back cover height, front cover height, P1 weld time,
Pl weld energy, P1 peak power, and total cycle time are not significantly different for various
joint heights. P2 weld time, P2 weld distance, P2 weld energy, are all significantly different for
the various joint heights.
Draw conclusions: Differences among weld joint heights all occur during the P2 cycle. Since
results show no significant difference in the weld parameters during the P1 cycle, performing
process monitoring of P1 variables would provide little value. From Fig. 4.21 and Fig. 4.22 it is
obvious that there is a linear relationship between the amount of material to be melted and the
associated time and energy needed to melt the particular joint. Reducing the size of the joint,
greatly reduces the amount of energy needed which greatly reduces the opportunities for burns,
marking, and other cosmetic defects. Because of the spread of the residuals for these regressions,
further analysis might include transforming the data to a log scale.
To fully understand the relationship between varying and, especially, lower, weld joint heights,
drop tests should be performed on the welded assemblies. Time did not permit this additional
testing. Results show that energy is definitely impacted by the size of the weld joints. Varying
this process parameter should be further investigated to determine the best tradeoff between
robustness of the design and manufacturability for any future product and process development
efforts.
Flash should have been a key characteristic for this experiment. The amount of flash and/or the
number of regions where flash occurs should be linearly related to the size of the weld joint. Any
further joint height experiments should investigate this relationship.
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4.3.2.2 Stackup
No defects (bums) occurred in the natural experiment. Good experimental design should choose
variable levels that include at least one instance of "good results", or in this example, bums. By
including the defect level in the experiment, one ensures that the experiment covers a range that
includes the threshold of failure. This experiment increased the stack height in order to establish
an energy level that included the threshold of failure. (Data for this experiment can be found in
Appendix C.)
Objective of the experiment: The goal of this experiment is to "force" bums, by creating
clearance issues by assembling the batteries with different layers of tape.
Select input variables: The selected input variable is the number of layers of tape that are added
to the assembly. Under normal processing one layer of tape is added to keep the cells in place.
Select key characteristics to be measured: The key characteristics are weld time, weld energy,
and bums. Back cover height, front cover height, and width are also included to see what the
effects would be on these response variables.
Analyze the results: Figure 4.23 shows that the best fit for the total weld energy data is a fourth
order polynomial. It is surprising that the "no tape" condition actually causes higher total weld
energy. From difference of means analysis for the "no tape" condition, downstroke distance, P1
weld time, P1 weld energy, and P1 peak power are all significantly higher than the other tape
conditions. This might be because of the cells vibrating, effectively dampening the mechanical
vibrations. To better understand the relationship between layers of tape and weld energy, the no
tape conditions were removed from the data set. Figure 4.24 shows the best fit data after
removing the "no tape" conditions from the data set.
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From difference of means analysis, total weld energy, total weld time, P2 peak power, P2 weld
energy, and front cover height all show a linear increase with the addition of tape layers. Front
cover height goes out of specification with the third layer of tape. Back cover height, length, and
width show no differences with additional layers of tape.
As planned, the experiment produced some burned batteries. Seven of the twenty-four batteries
had bums in the center of the battery. One of the "no tape" batteries had a bum, further
confirming the hypothesis that higher weld energies were needed for these batteries due to the
vibrating of the cells. To determine the threshold of failure for bums, Fig. 4.25 shows total weld
energy for burned and non-burned batteries using means diamonds analysis. The middle line in
the diamond is the response mean for the group. The vertical endpoints form the 95% confidence
interval for the mean. The X axis is divided proportionally by group sample size. If each
group's diamond does not overlap with the other group, the two group means are significantly
different.
From this analysis, the difference in mean total energy between burned and non-burned batteries
is significantly different. Interestingly, though, there are two high energy "outliers" that did not
burn. To better understand this phenomena, Fig. 4.26 shows a contingency table of layers of tape
versus burns. The X axis is the number of layers of tape. The Y axis is the proportion of
samples in each subgroup that are not burned or not.
From the analysis, burns do not occur until a minimum of three layers of tape are used for the
battery. Also, the probability of burning increases with increasing layers of tape. Figure 4.27
shows that total weld energy is constant through two layers of tape, and then it increases linearly
with increasing layers of tape.
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Figure 4.27 Total Weld Energy by Layers of Tape
Draw conclusions: A clear threshold of failure for burns, based upon total weld energy, does not
exist. Beyond two layers of tape, total weld energy increases linearly. As the layers of tape
increase, the probability of bums also increases. Surprisingly, the back cover height does not
change with increasing layers of tape. As mechanical clearance issues occur, one would think
that the cover height would be affected as well.
4.3.2.3 Effect of the Snapfit
One of the basic principles of ultrasonic assembly is the transmission of mechanical vibrations to
initiate the frictional heat which then starts the melt of the plastic materials. To transmit these
mechanical vibrations, the bottom cavity needs to be held fixed and the top part needs to be free
to vibrate in synch with the horn. One of the welding experts believed that the snap fit on the
assembly dampens these vibrations and causes an inefficient weld which might result in burns.
(Appendix I) (Data for this experiment can be found in Appendix D.)
Objective of the experiment: The goal of this experiment is to determine whether the mechanical
snapfit dampens the mechanical vibrations of the ultrasonic welding process.
Select input variables: All variables are held constant except the existence of the mechanical
snapfit. Where the experimental design called for no snapfit, the part was reworked with a power
tool to remove the snapfit.
Select key characteristics to be measured: The key characteristics are total weld energy and total
weld time
Analyze the results: Both the total weld energy and the total weld time are significantly different
between the snapfit and no snapfit conditions. Looking at the two cycles, P1 and P2, it is
interesting to note that P2 weld energy and P2 peak power are not significantly different. During
the P1 cycle, both the weld energy and weld time are significantly greater for the part with the
mechanical snapfit.
Snapfit? Mean of Total Weld Energy Mean of Total Weld Time
Yes 1005.12 1.295
No 971.16 1.251
Though they are statistically significant the difference between the two conditions is less than
one standard deviation of the historical data. The author concludes that the dampening effect of
the mechanical snapfit is not a major variable for the ultrasonic welding process.
4.3.2.4 Effect of the Pressing Operation
To ensure consistent cell height, the battery is pressed immediately prior to the welding
operation. This is apparently a non-value added process. (Data for this experiment can be found
in Appendix E.)
Objective of the experiment: The goal of this experiment is to assess the value of the pressing
operation prior to ultrasonic welding.
Select input variables: All input variables are held constant except for the "pressing" of the cell
assemblies.
Select key characteristics to be measured: The key characteristics are front cover height, back
cover height, downstroke distance, total weld time, and total weld energy.
Analyze the results: Downstroke distance is significantly different but there is no significant
difference in the total weld energy, total weld time, front cover height, or back cover height. Chi
Squared analysis for the flash and blemish distributions show that only two regions have a
significance less than 0.1. The author concludes there is no significant difference in cosmetic
damage based upon the press/no press input variable.
Draw conclusions: The difference in the average downstroke distance is statistically significant,
yet it does not affect the welding process. Additional experiments should be conducted on this
process step. Currently, EPD has rules on how long an assembly can sit prior to welding without
being repressed. These rules might be able to be ignored. There may be a potential labor
savings by eliminating the pressing operation.
4.3.2.5 Cells
There is belief that different cell suppliers have different cell lengths and diameters and that these
differences could negatively impact the welding process. Measurements could have been made
to determine if this were the case. To decide for sure, this experiment uses cell suppliers as an
input variable. (Data for this experiment can be found in Appendix F.)
Objective of the experiment: The goal of this experiment is to see if cells from different
suppliers affect the ultrasonic welding process.
Select input variables: All variables are held constant except the cells, which are varied by
supplier. The cells are referred to as green and black.
Select key characteristics to be measured: The key characteristics are total weld time, total weld
energy, and downstroke distance.
Analyze the results: No significant differences are observed in any of the key characteristics.
Draw conclusions: Though there may be differences in the dimensions of the battery cells
themselves, these differences do not affect the ultrasonic welding process. To fully understand
the effects of processing cells from different vendors, this experiment should have included
manual versus automated assembly as an input variable.
4.4 SUMMARY
The goal of this process improvement effort is to obtain six sigma quality levels for the particular
application and to improve EPD's understanding of ultrasonic welding. The
analysis/improvement phase produces some interesting results both from analysis of the natural
experiment and the experiments. This summary section will highlight the results and
contributions of applying the process improvement methodology. The analysis of the natural
experiment shows several important results:
* Table 8 Summary of Regressor Variables shows several statistically significant mathematical
models. Although these are not all intuitive models, these confirmation runs should be
performed to validate these models.
* Table 6 and Table 7 show the changes in the weld parameters based upon changes in housing
and cover cavities. These statistically significant differences suggest developing cavity-
dependent mathematical models. These data also suggests quantifying the dimensional
characteristics that drive the significant differences in the welding process.
* Table 5 Process Capability Indices indicates that width and length are capable, while back
cover height and front cover height are not. These data suggests that back cover height and
front cover height are two response variables that should be monitored on a continual basis.
Width and length should be monitored on a sampling plan rather than a continuum.
* The scatterplots in Section 4.1 suggest that the P2 weld cycle has a greater effect on process
performance than does the P1 weld cycle. The P2 weld variables thus become candidates for
process monitoring.
* The scatterplots also suggest very little, if any, correlation between cell height measurements
and any of the response variables. This result does not agree with the hypothesis that cell
height is a major contributor to weld defects. This result also might suggest that there needs
to be an improved method for measuring and assessing effective cell height.
* The chi squared tests of independence in Section 4.3.1 show that both flash and blemishes are
region dependent. Weld joint height is the same dimension along the entire weld joint, so
changes in flash distribution are most likely due to differing forces along the weld joint.
Currently EPD has no method for measuring the forces applied along the weld joint.
Blemishes are more than likely related to discrepancies either in the surface conditions of the
cover cavities or deviations along the horn face.
The experiments show some interesting results:
* Dampening of the mechanical vibrations can require higher weld energies. The stackup
experiment shows higher energy levels for the factor where the cells are allowed to vibrate
inside the application. This vibration effectively dampened the mechanical vibrations
resulting in higher weld energies. The snapfit experiment shows that the mechanical snapfits
that help align the two cavities together dampen the vibrations resulting in higher energy
levels. This difference, though statistically significant, does not appear to affect the overall
product or process quality.
* Cells from different suppliers do not have an impact on the process.
* Pressing of the cells prior to welding does not produce significant variations in the process.
Confirmation of these results might yield labor productivity, by eliminating the pressing
operation.
* The amount of material in the weld joint has a significant effect on weld energy and weld
time. By reducing weld energy and weld time, the probability of incurring cosmetic defects
becomes lower. The stackup experiment shows this relationship between increasing weld
energies and the increasing probability of bums. Further investigation should be done to
understand the tradeoffs between design robustness and manufacturability.
* The stackup experiment shows how effective cell height increases above a certain threshold
(two layers of tape in this experiment) cause increased weld energy. This result would
indicate that normal process variation for the cell height is not great enough to increase total
weld energy but that a threshold does exist where energy increases due to above average cell
height.
The next step in the process improvement should be the confirmation of the results
mentioned here in the summary. After validating these results, the methodology should be
repeated incorporating these results into the next iteration of the process improvement
methodology. Chapter 5 discusses the current process data collection and proposes changes
that should enhance the ability of EPD to perform future process improvement efforts. After
discussing the proposed changes to the data collection process, Chapter 6 suggests a learning
strategy for EPD to continue its learning about ultrasonic welding.

5. CURRENT PROCESS AND DATA COLLECTION
ASSESSMENT
Chapter 4 shows how results can be attained from applying the process improvement
methodology to a specific application. Additional iterations of the methodology will yield
further results. A potential enhancement to the process improvement methodology would be to
more clearly define the current process and current process data collection. [Hofstetter, 1993]
This chapter assesses the current data collection process and then proposes changes which will
aid future process understanding and improvement efforts. Chapter 6 proposes a learning
strategy for EPD to further its process knowledge of ultrasonic welding.
5.1 CURRENT DATA COLLECTION
Applying the process improvement methodology requires a lot of time and effort to identify and
define the problem and to collect data. Ease of defect and process data collection can greatly
increase the rate of time that analysis and in turn process improvements can be identified and
then implemented. This chapter discusses some of the process data that is currently captured and
then proposes changes to the data collection process to enhance the ability to perform process
improvements.
5.1.1 Defects
After ultrasonic welding, the part is inspected. As defects are discovered, they are tagged with an
orange defect tag and set aside. At the end of the shift, all defects are entered into a database.
Production output is also entered into this database. This database was used to construct defect
pareto diagrams. Analysis can thus be done to observe trends and to measure overall quality
performance.
More relevant information could be gathered at this inspection station. No record is maintained
regarding location of the defect on the part. A check sheet, based on the defect scoring template
shown in Fig. 2.4, should be implemented. By determining where on the part cosmetic defects
occur, one will better understand what part of the process to investigate. Trend analysis of this
data could point to possible causes in the cavity, assembly problems internally to the part, or the
horn itself.
Automated data collection does exist where this data could be entered electronically directly onto
the location of the defect and stored electronically. The data could also be time stamped. The
time stamp could then be used to correlate defects back to welder process parameters.
As discovered from the historical data analysis, housing and cover cavities can impact quality
performance. These variables should be recorded for all defectives. No record of the cavities on
a defective part are recording. Combining this data with the location of defective conditions
might yield some interesting correlations with cavity quality.
5.1.2 Parameter Record Log
From run to run the welder is setup differently and operates at different parameter settings. To
keep track of these settings, EPD maintains a parameter record log. Appendix G shows an
example of a log entry. Understanding how the process reacts from setup to setup and from run
to run is an excellent means to better understand the process. This log though is insufficient in
several ways. The log is kept manually so any attempts to manipulate and/or analyze the data is
hindered. Also, there is no correlation to any quality performance measures, so it is difficult to
determine whether any particular set of parameters is really having a positive impact on the
process.
5.1.3 Operator Data Gathering Records
The operators that measure length and front and back cover heights are also responsible for
completing Data Gathering Records for these variables. Appendix H shows an example of an
Operator Data Gathering Record. These records are not very effective. Many companies would
call these data gathering records, SPC. Motorola does not use this data in an attempt to control
the process. This is merely a historical record to understand process performance and trends. As
with the parameter logs, the data is manually recorded and therefore is not readily available for
analysis. As with the parameter record log, its effectiveness would be greatly enhanced if this
data could be correlated with welder process parameters.
The gages used to measure these variables have digital output. These measurements could very
easily be "dumped" into an electronic data collection system. Data could be time stamped and
comparisons made with the welder parameters. Inputting the data into an electronic data
collection system might also provide some labor productivity.
5.1.4 Troubleshooting Logbook
To help build process knowledge and troubleshooting intuition, the technicians maintain a
troubleshooting logbook. This logbook contains process problems and actions taken.
Knowledge-based systems can be quite useful and helpful in solving process problems. Instilling
the discipline of recording entries and referring to previous entries can be quite difficult
especially for a three shift operation. Disciplined use of this log could provide hints for problem
solving but can also be a great communication tool from one shift to the next.
5.2 PROPOSED CHANGES
In process improvement efforts the quantity and the quality of the data are extremely important.
The following changes to the current data collection scheme will enhance the data that is
available for process improvement efforts. For this iteration of the process improvement
methodology, all data collection was manually obtained and manually entered into analysis
platforms. One caveat is that data for the sake of data is not very useful. Being able to access the
proper data though is a tremendous aid in process improvement.
5.2.1 Welder Data Capture
A tremendous amount of "free" data about the ultrasonic welding process occurs every weld
cycle. This information could easily be fed into a personal computer and then used to either help
assess macro process changes like fixtures, horns, or cavities. The data could be time stamped
and possibly correlated back to defects. Automatic capturing of welder parameters will also
greatly reduce the data entry involved in the process improvement process.
5.2.2 Welder Control
The dials are not "hard". The welder controls only have relative translation. In order to see how
the process has been impacted by a change, the welder must be cycled. By implementing "hard"
controls that allow technicians to know at what specific level they have adjusted an input to
technicians will save time and also reduce process variability, by returning the welder parameters
to the established datum point.
5.2.3 Quantify and Repeat Setup
Setup, particularly with regard to the nest, is an important input variable. The nest is an
extremely important aspect of the process. Currently, technicians often use tape or other
mechanical means to "level" the nest. When the nest is "leveled", the part sees different weld
and hold forces than it does without the "leveling". Different weld forces can result in weld
inconsistencies especially with regard to cosmetic defects. When these "adjustments" are made it
becomes impossible to quantify the setup. Currently at EPD there is no method that is used to
quantify the nest and the setup. By quantifying the setup, EPD can begin to understand the role
that the fixture plays in the weld process.

6. LEARNING STRATEGY
Chapter 5 outlines current process understanding. This chapter assesses industry knowledge and
then proposes a learning strategy. Another enhancement to the process improvement
methodology would be to assess industry knowledge by performing a literature search and
surveying experts, then developing a comprehensive learning strategy. This chapter discusses the
results of surveying the process experts and then it proposes alternative methods for improving
ultrasonic welding process knowledge.
6.1 ASSESSING INDUSTRY KNOWLEDGE
To assess industry knowledge, one can do literature searches and/or conduct surveys of known
experts in the field. Assessing industry knowledge can help improve a company's understanding
of what, if any, competitive advantages it has based on its process understanding and knowledge.
If the company finds out it is behind in process technology, it can then take actions to remedy this
deficiency.
Expertise in a field such as ultrasonic welding often lies in the equipment supplier community.
The two most used equipment suppliers were surveyed regarding their insights on the specific
ultrasonic welding application. Their comments can be found in Appendix I. In summary, the
equipment experts expressed the view that the application had not been properly tooled or
designed. For tooling they suggested a poured urethane nest to better support the parts. They
also recommended a change in the horn design. From a design perspective, they recommend
either eliminating the shear joint or reducing the size of the current joint.
6.2 LEARNING STRATEGY
In industry there has been a lot of talk about learning organizations. A learning organization is
an organization that is continually expanding its capacity to create its future. [Senge, 1990] To
effectively become a learning organization a company needs to continually strive to re-create
itself and its abilities. For Motorola's Energy Products Division to further enhance its
understanding of ultrasonic welding, this process improvement effort should be continued.
Chapter 4 provides a good summary of applying the process improvement methodology and the
accompanying results. Additional recommendations for EPD to re-create itself and its abilities
with regard to ultrasonic welding include a benchmarking study, reviews of the design process
and how it relates to ultrasonic welding, and adopting some of the practices of Intel's Copy
Exactly Approach.
6.3 BENCHMARKING
Benchmarking is the establishment of a standard or point of reference in measuring or judging
quality. Much can be learned from benchmarking externally with other companies but the
process is also of value internally. One caveat with benchmarking is that it might not set the bar
high enough. By comparing different applications within the scope of ultrasonic welding, EPD
might be able to unlock some of the mysteries of ultrasonic welding, especially with regard to the
macro process variables such as equipment and tooling. Figure 6.1 shows the process
proliferation within the Lawrenceville facility of Motorola's Energy Products Division. The
figure shows a large proliferation of ultrasonic welding macro process variables. Are certain
processes performing better as a whole? To answer this question, a design of experiments
analysis should be performed with each macro variable as an input response and quality levels as
the response variable. If certain combinations of macro process variables produce higher quality
levels, the other processes should be re-tooled to capture the benefits. Process commonality will
also enable quicker and more effective learning transfer from application to application. Also, by
reducing the large proliferation of macro variables, inherent process variance will be reduced.
Weld Weld
Cycle Method
Single Abs. Dist.
Single Abs. Dist.
Single Abs. Dist.
Single Abs. Dist.
Single Abs. Dist.
Dual Abs. Dist.
Dual Abs. Dist.
single Abs. Dist.
single Abs. Dist.
single Abs. Dist.
Depth RPN
Depth RPN
Energy
Depth RPN
Depth RPN
single Abs. Dist.
Depth RPN
Depth RPN
Dual Abs. Dist.
Dual Abs. Dist.
Dual Abs. Dist.
Dual Abs. Dist.
Dual Abs. Dist.
Dual Abs. Dist.
Dual Abs. Dist.
Dual Abs. Dist.
Horn
Material
S
S
S
S
T
T
T
T
T
T
T
T
S
T
T
S
T
T
A
T
A
A
T
A
A
A
Horn
Deslan
Flat
Flat
Flat
Flat
Flat w/ Rec.
Flat w/ Rec.
Flat w/ Rec.
Flat w/ Rec.
Flat w/ Rec.
Flat w/ Rec.
Flat w/ Rec.
Flat w/ Step
Rectangle
Flat w/ Rec.
Flat w/ Rec.
Flat
Flat w/ Rec.
Flat w/ Rec.
Flat w/ Rec.
Rails
Rails w/ Step
Rails w/ Step
Rails
Rails w/ Step
Step
Step
Nest
Pneumatic
Pneumatic
Pneumatic
Pneumatic
Adj. Side Walls
Adj. Side Walls
Adj. Side Walls
Adj. Side Walls
Adj. Side Walls
Adj. Side Walls
Poured
Poured
Pneumatic
Poured
Poured
Pneumatic
?
Poured RTV
Adj. Side Walls
Adj. Side Walls
Adj. Side Walls
Contour
Adj. Side Walls
Contour
Contour
Figure 6.1 Process Proliferation by Product
6.3.1 Equipment Comparison
There are obvious differences in the ultrasonic welding equipment of the two main equipment
suppliers. The ultrasonic welding equipment has structural as well as software differences. By
consolidating to one equipment supplier, EPD will improve its understanding of the equipment
and process and also may realize savings due to spare parts consolidation, equipment
maintenance, and shorter learning curves for its technicians, engineers, and operators.
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6.3.2 Nest Comparison
Several fixture designs have been tried from a sidewall to a contoured to a poured urethane.
Using fixture type as an input variable in an experiment might yield an optimal fixture design. If
no significant quality reasons emerge from the analysis, EPD could then focus on procuring the
least expensive nests and thus reduce tooling costs. Before running this experiment, it would be
critical to have a way of quantify setup to ensure a consistent comparison from nest to nest.
6.3.3 Weld Horn Comparison
The weld horn is an extremely important component since it both transmits the mechanical
energy and directly contacts the part. By comparing horn designs, EPD would better understand
the tradeoffs between cost and quality for new horn designs.
6.4 DESIGN FOR PROCESS
In traditional product work, quality was a factory activity to make parts conform to corporate
specification limits. In the new quality paradigm, quality is primarily a design activity to make
performance adhere closely to the ideal customer satisfaction value. [Clausing, 1993] This
belief is further delineated by the difference between off-line and on-line quality. Off-line
quality takes place during the product development and design processes whereas on-line quality
refers to processes that take place during production to minimize unit-to-unit variation. This
thesis and the application of the process improvement methodology deals only with on-line
quality efforts.
Quality is becoming more and more of a design activity. As this thesis discusses, product and
process development around joint design issues can present major quality hurdles toward
achieving quality goals and objectives. EPD should review its design process regarding
ultrasonic welding. Product and process proliferation result from the design process. The
development engineer is responsible for tooling the process and doing the initial process
development. The expertise of the manufacturing engineers is thus lost in the process
development process.
Quality function deployment (QFD) applied to ultrasonic welding could yield some interesting
results. One of the interesting challenges facing ultrasonic welding is cosmetic defects. What
are the real unacceptable cosmetic defects? How are these communicated to the manufacturing
floor and consistently adhered to across multiple shifts? Does cover height really matter and if so
why and what/how is the best way to measure it?
The design process with respect to ultrasonic welding should also be reviewed. As stated in the
introduction to this thesis, ultrasonic welding is a core process for EPD and is a major cost and
quality driver. Yet, the formal EPD Design Review Process does not formally review the
manufacturability of the welding process.
Also, as the experts stated, the current joint designs for some applications are not ideally
designed. Once joint designs have been finalized, much effort can be wasted doing on-line
quality improvements which should have been prevented by off-line quality efforts. As the
proliferation chart shows, EPD has multiple joint designs for the various ultrasonic welding
applications. By concentrating on one or two recommended joint types, EPD might be able to
accelerate their learning about ultrasonic welding.
By building "breadbox" designs with different ultrasonic welding joint types and sizes along with
different weight configurations, EPD could perform an experiment to learn the relationship
between joint robustness and optimal weldability. Also, joint designs should be integrated with
the manufacturing process in the early product development stages. The weld experts stated:
"The shear joint should be replaced with a mash joint design. This design will encapsulate the
melt and reduce weld distance. The mash joint should lower the weld time (reducing potential
marking problems ) and also eliminate any weld flash that is being pushed outward." Figure 6.2
shows a mash joint.
Before Weld After Weld
Figure 6.2 Mash Joint
6.5 "COPY EXACTLY"
Technology transfer is a very important skill for today's manufacturing organizations. To help
improve its technology transfer capabilities Intel has established a program known as "Copy
Exactly". [Fears, 1991] Copy Exactly's ideals are:
1. Copy everything exactly from the originating site unless physically impossible to do so,
impractical or there are overwhelming economic or competitive reasons not to copy.
2. Every Exception requires a review and approval process.
3. All member fabrication facilities must work together to improve the process and systems
before and after the transfer.
The goals of the program are to reduce risks in process transfer, produce equivalent yield levels
at all sites for a given process, promote shared learning, and to create synergy between member
fabrication facilities. [Fears, 1991]
A structured approach to technology transfer has numerous benefits:
1. Eliminate duplication of effort
2. Encourage open and continual communication between manufacturing and development
3. Shared learning across manufacturing sites
4. Reduced variation in products and processes
Intel has been quite successful in using this Copy Exactly approach. EPD is continually
developing new products and releasing them to its various manufacturing plants. Such a
structured approach could be beneficial to EPD across its entire business but specifically across
ultrasonic welding. This structure would also be beneficial in gaining synergies across sites that
build the same product. The application discussed in this thesis is currently being manufactured
in multiple sites.

7. SUMMARY
This thesis provides the background for how to use a process improvement methodology to
improve a process and to further process understanding. One important aspect of using a
structured methodology is learning from the process so future iterations can yield continuously
better results.
Applying the process improvement methodology yields several results, summarized from
Chapter 4:
* Statistically significant mathematical models of the input and response variables exist. These
models should be confirmed by additional experimentation.
* Both cover and housing cavities cause significant differences in the welding process. Further
investigation of the effects of cavity variation should be investigated.
* The P2 weld cycle has a greater impact on total weld time and total weld energy. P2 weld
cycle variables should thus be monitored on a continuous basis.
* Total weld energy, and in turn, burn probability increase with increasing weld joint heights.
Future process improvement efforts at EPD should incorporate the results from this iteration of
the process improvement methodology. Chapter 5 outlines recommended changes to the current
data collection process and system to make it more user-friendly for future process improvement
efforts. Chapter 6 outlines other recommended strategies for continual learning about ultrasonic
welding.
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APPENDIX A HISTORICAL DATA SET
Battery Downstroke Time Downstroke Dist P1 Weld Time P1 Weld Dist. P1 Weld Energy P1 Peak Power P2 Weld Time
1 1.418 1.618 0.25 0.0141 117.7 559 1.25
2 1.405 1.6161 0.25 0.0154 123.2 634 1.245
3 1.415 1.6189 0.25 0.0148 125 577 1.141
4 1.415 1.6183 0.25 0.0126 121.4 569 1.152
5 1.404 1.6189 0.25 0.0179 138.7 686 1.241
6 1.417 1.6195 0.25 0.0192 142.7 654 1.089
7 1.414 1.616 0.25 0.0132 115.2 496 1.279
8 1.408 1.6183 0.25 0.0135 118.9 584 1.164
9 1.402 1.6181 0.25 0.0126 118.4 537 1.323
10 1.43 1.6191 0.25 0.0135 124 596 1.252
11 1.413 1.6189 0.25 0.0194 136.9 655 1.065
12 1.398 1.6181 0.25 0.0194 134.9 636 1.266
13 1.413 1.6194 0.25 0.0197 147.1 682 1.186
14 1.406 1.6175 0.25 0.0135 122.3 585 1.24
15 1.411 1.6174 0.25 0.0155 123.6 595 1.181
16 1.407 1.6191 0.25 0.0166 130.4 588 1.161
17 1.407 1.6191 0.25 0.0147 129.8 610 1.175
18 1.406 1.6185 0.25 0.0138 120.7 605 1.15
19 1.407 1.6176 0.25 0.0189 133 646 1.223
20 1.407 1.6201 0.25 0.0125 120.3 568 1.176
21 1.412 1.6182 0.25 0.0137 131.9 601 1.143
22 1.409 1.615 0.25 0.0126 117.6 494 1.21
23 1.402 1.6161 0.25 0.011 115.7 524 1.287
24 1.397 1.6169 0.25 0.0096 112.1 498 1.204
25 1.399 1.6199 0.25 0.0166 133.3 604 1.202
26 1.411 1.6156 0.25 0.0118 117.3 558 1.257
27 1.4 1.6183 0.25 0.014 132.1 579 1.136
28 1.409 1.621 0.25 0.0206 146.4 657 1.199
29 1.404 1.6176 0.25 0.0117 127.7 580 1.222
30 1.411 1.6189 0.25 0.0185 134.2 676 1.104
31 1.417 1.6201 0.25 0.018 137 613 1.087
32 1.395 1.6172 0.25 0.0217 149.1 650 1.126
33 1.413 1.6215 0.25 0.02 148.7 683 1.152
34 1.396 1.6177 0.25 0.0184 130 638 1.125
35 1.423 1.6238 0.25 0.0106 124 539 1.2
36 1.404 1.6229 0.25 0.0162 135.4 640 1.136
37 1.436 1.6237 0.25 0.0179 137.8 637 1.06
38 1.411 1.6171 0.25 0.0105 116 506 1.307
39 1.404 1.6185 0.25 0.0158 129.5 655 1.123
40 1.422 1.6233 0.25 0.018 141.8 635 1.049
41 1.41 1.6202 0.25 0.0139 126.6 596 1.098
42 1.428 1.6185 0.25 0.0166 133.3 607 1.09
43 1.413 1.6198 0.25 0.0151 124.2 630 1.113
44 1.404 1.6201 0.25 0.0194 139.4 609 1.126
45 1.429 1.6187 0.25 0.0131 126.9 609 1.282
APPENDIX A HISTORICAL DATA SET CONT.
Battery Downstroke Time Downstroke Dist P1 Weld Time P1 Weld Dist. P1 Weld Energy P1 Peak Powei P2 Weld Time
46 1.416 1.6204 0.25 0.0138 130.6 625 1.139
47 1.423 1.6187 0.25 0.0198 132 648 1.13
48 1.432 1.6192 0.25 0.0142 133.7 672 1.132
49 1.433 1.6202 0.25 0.0216 135 645 1.091
50 1.43 1.6181 0.25 0.0119 117.6 507 1.359
51 1.415 1.6178 0.25 0.0144 136.3 616 1.086
52 1.428 1.6206 0.25 0.0173 135.6 665 1.197
53 1.423 1.6212 0.25 0.0164 134.2 640 1.132
54 1.413 1.6182 0.25 0.0125 134 646 1.149
55 1.425 1.6204 0.25 0.0166 135.4 661 1.095
56 1.411 1.6197 0.25 0.0151 136.6 613 1.195
57 1.412 1.6189 0.25 0.0125 130.6 587 1.131
58 1.419 1.6192 0.25 0.0153 127 605 1.222
59 1.434 1.6196 0.25 0.0212 144.7 674 1.114
60 1.391 1.6155 0.25 0.0157 137.4 610 1.087
61 1.412 1.6189 0.25 0.0194 140.9 707 1.075
62 1.402 1.6163 0.25 0.0131 138 600 1.103
63 1.398 1.618 0.25 0.017 129.5 642 1.118
64 1.44 1.6209 0.25 0.018 133.1 597 1.172
65 1.402 1.6182 0.25 0.0152 127.2 623 1.267
66 1.394 1.6215 0.25 0.0104 127.8 589 1.182
67 1.443 1.6196 0.25 0.0194 134.4 654 1.161
68 1.406 1.6222 0.25 0.0223 149.3 657 1.072
69 1.398 1.6209 0.25 0.0165 131.1 572 1.235
70 1.438 1.6217 0.25 0.0171 151.1 675 1.096
71 1.409 1.6172 0.25 0.0157 127.1 638 1.071
72 1.43 1.6207 0.25 0.0225 143.7 629 1.097
73 1.396 1.6175 0.25 0.0208 138.7 647 1.112
74 1.402 1.6205 0.25 0.0166 132.7 648 1.125
75 1.405 1.6187 0.25 0.0187 136.5 631 1.207
76 1.415 1.6224 0.25 0.0155 138.1 624 1.065
77 1.432 1.6183 0.25 0.0117 120.4 520 1.337
78 1.402 1.6197 0.25 0.0153 144.7 669 1.067
79 1.435 1.6223 0.25 0.013 140.2 656 1.062
80 1.405 1.6181 0.25 0.0133 131.1 589 1.134
81 1.4 1.6179 0.25 0.0143 120.5 611 1.229
82 1.432 1.6193 0.25 0.0145 138.5 621 1.099
83 1.409 1.6204 0.25 0.0217 145 736 1.129
84 1.416 1.6161 0.25 0.0106 111.5 486 1.204
85 1.416 1.622 0.25 0.0127 126.1 559 1.161
86 1.431 1.6248 0.25 0.0218 153.8 699 1.139
87 1.43 1.6165 0.25 0.0207 142.5 659 1.155
88 1.407 1.6167 0.25 0.0131 120 519 1.186
89 1.414 1.6198 0.25 0.0159 133.5 616 1.189
90 1.41 1.6155 0.25 0.0124 122.5 558 1.166
APPENDIX A HISTORICAL DATA SET CONT.
Battery Downstroke Time Downstroke Dist P1 Weld Time P1 Weld Dist. P1 Weld Enera P1 Peak Power P2 Weld Time
91 1.417 1.621 0.25 0.0171 131.8 643 1.058
92 1.419 1.62 0.25 0.012 120.3 572 1.258
93 1.417 1.6204 0.25 0.0137 155 596 1.201
94 1.439 1.6225 0.25 0.0171 137.3 593 1.016
95 1.409 1.6221 0.25 0.0213 143.2 649 1.103
96 1.417 1.6171 0.25 0.0099 118.2 537 1.266
97 1.413 1.6185 0.25 0.0104 119.2 518 1.207
98 1.416 1.6172 0.25 0.0163 126.1 651 1.125
99 1.407 1.6179 0.25 0.0182 140.1 627 1.271
100 1.418 1.62 0.25 0.0218 144.7 666 1.114
101 1.399 1.6167 0.25 0.0101 114.7 503 1.302
102 1.396 1.6168 0.25 0.016 126.6 643 1.203
103 1.421 1.6144 0.25 0.0111 118.3 520 1.347
104 1.419 1.6224 0.25 0.017 135.7 638 1.186
105 1.439 1.624 0.25 0.0195 148.7 666 1.013
106 1.42 1.6182 0.25 0.0121 118.8 512 1.268
107 1.401 1.6166 0.25 0.012 120.5 512 1.332
108 1.43 1.6189 0.25 0.02 135.6 689 1.074
109 1.422 1.6159 0.25 0.0128 116.5 544 1.203
110 1.423 1.6202 0.25 0.0144 123.6 610 1.261
111 1.439 1.6216 0.25 0.018 137.7 642 1.069
112 1.426 1.6242 0.25 0.0166 141.3 633 1.101
113 1.422 1.6189 0.25 0.0226 145.5 640 1.064
114 1.422 1.6188 0.25 0.0128 122.2 587 1.169
115 1.411 1.6189 0.25 0.0192 135.7 609 1.106
116 1.42 1.6187 0.25 0.0116 121.1 560 1.139
117 1.42 1.6221 0.25 0.0174 135.8 630 1.057
118 1.413 1.6175 0.25 0.0126 118.6 520 1.376
119 1.442 1.6189 0.25 0.0143 137.9 623 1.182
120 1.422 1.6205 0.25 0.0201 142.1 624 1.166
121 1.397 1.619 0.25 0.0137 123.5 611 1.198
122 1.428 1.6205 0.25 0.0206 145.9 685 1.147
123 1.418 1.6185 0.25 0.013 122.1 586 1.13
124 1.42 1.6196 0.25 0.0129 135.3 625 1.037
125 1.402 1.6146 0.25 0.013 121 511 1.389
126 1.41 1.6185 0.25 0.0149 131 586 1.24
127 1.408 1.6176 0.25 0.0115 112.5 496 1.272
128 1.41 1.6202 0.25 0.0158 131 623 1.163
129 1.432 1.6181 0.25 0.0186 136.9 667 1.171
130 1.423 1.6172 0.25 0.0193 134.9 672 1.104
131 1.418 1.6161 0.25 0.0154 125.7 602 1.154
132 1.414 1.6168 0.25 0.0101 117.5 519 1.342
133 1.431 1.6179 0.25 0.017 129.3 643 1.169
134 1.442 1.6241 0.25 0.016 139 677 1.061
135 1.416 1.6223 0.25 0.0162 139.4 624 1.198
APPENDIX A HISTORICAL DATA SET CONT.
Battery Downstroke Time Downstroke Dist P1 Weld Time P1 Weld Dist. P1 Weld Energy P1 Peak Powei P2 Weld Time
136 1.413 1.62 0.25 0.0146 141.9 668 1.144
137 1.421 1.6197 0.25 0.0127 124.2 634 1.125
138 1.417 1.618 0.25 0.0154 140.2 657 1.107
139 1.405 1.6213 0.25 0.0191 136.5 627 1.159
140 1.416 1.6134 0.25 0.0115 116.6 503 1.258
141 1.411 1.6197 0.25 0.0161 129.2 603 1.234
142 1.403 1.6139 0.25 0.0109 120.8 546 1.178
143 1.403 1.6185 0.25 0.0139 119.6 580 1.273
144 1.395 1.6193 0.25 0.0178 135.7 599 1.219
145 1.393 1.6177 0.25 0.0158 143.5 625 1.098
146 1.428 1.6232 0.25 0.0191 148.5 636 1.155
147 1.392 1.6201 0.25 0.0185 134.8 638 1.135
148 1.4 1.6161 0.25 0.0126 120.6 532 1.284
149 1.393 1.6198 0.25 0.0176 135.2 605 1.181
150 1.389 1.6177 0.25 0.0165 137.1 604 1.15
151 1.424 1.6191 0.25 0.0126 121.4 530 1.2
152 1.404 1.6172 0.25 0.0219 141.5 660 1.148
153 1.392 1.6175 0.25 0.0166 126.9 655 1.148
154 1.391 1.6191 0.25 0.0151 126 625 1.266
155 1.403 1.6174 0.25 0.0131 119.6 556 1.235
156 1.394 1.6193 0.25 0.0189 139.9 601 1.082
157 1.39 1.6183 0.25 0.0146 128.7 632 1.206
158 1.391 1.6171 0.25 0.0159 129.2 624 1.127
159 1.385 1.6202 0.25 0.0202 149.1 707 1.154
160 1.391 1.6189 0.25 0.0159 136.8 600 1.06
161 1.402 1.6201 0.25 0.0195 135.6 653 1.054
162 1.39 1.6179 0.25 0.0119 116.1 555 1.224
163 1.55 1.6189 0.25 0.0161 129.4 653 1.171
164 1.39 1.6184 0.25 0.0198 136.7 648 1.081
165 1.392 1.6139 0.25 0.0109 121.4 571 1.127
166 1.397 1.6201 0.25 0.015 132 574 1.186
167 1.397 1.6198 0.25 0.0207 139.5 676 1.055
168 1.402 1.6142 0.25 0.0163 131.6 596 1.097
169 1.395 1.6191 0.25 0.016 135.5 584 1.139
170 1.388 1.6198 0.25 0.0197 143.9 712 1.15
171 1.403 1.6178 0.25 0.0165 137.1 691 1.18
172 1.393 1.6171 0.25 0.0135 119.8 584 1.195
173 1.389 1.6208 0.25 0.017 134.2 613 1.168
174 1.401 1.6168 0.25 0.0195 137.4 644 1.169
175 1.392 1.6167 0.25 0.013 121.7 574 1.227
176 1.392 1.6151 0.25 0.0126 120.3 512 1.278
177 1.387 1.6152 0.25 0.0121 117 596 1.25
178 1.401 1.6198 0.25 0.0204 147.5 649 1.077
179 1.392 1.6138 0.25 0.0115 121.1 535 1.104
180 1.393 1.6178 0.25 0.0136 120.9 604 1.178
APPENDIX A HISTORICAL DATA SET CONT.
Battery Downstroke Time Downstroke Dist P1 Weld Time P1 Weld Dist. P1 Weld Energy P1 Peak Power P2 Weld Time
181 1.396 1.6181 0.25 0.0181 134.6 619 1.19
182 1.397 1.618 0.25 0.019 139.4 660 1.101
183 1.385 1.6171 0.25 0.012 115.5 501 1.331
184 1.391 1.6204 0.25 0.0198 146.5 628 1.03
185 1.436 1.6196 0.25 0.0152 132.5 630 1.051
186 1.401 1.6189 0.25 0.014 127.7 576 1.162
187 1.409 1.6234 0.25 0.0147 130.7 620 1.247
188 1.385 1.6191 0.25 0.0196 137 665 1.091
189 1.389 1.6232 0.25 0.0154 132.3 597 1.096
190 1.391 1.6149 0.25 0.0135 131 604 1.111
191 1.391 1.6146 0.25 0.0129 118.6 509 1.231
192 1.406 1.6211 0.25 0.0171 137.3 622 1.104
193 1.392 1.6165 0.25 0.0183 133.1 668 1.303
194 1.392 1.6215 0.25 0.0167 132.6 645 1.157
195 1.394 1.6215 0.25 0.0211 147 655 1.141
196 1.392 1.6195 0.25 0.0185 147.7 677 1.114
197 1.398 1.6209 0.25 0.0146 125.5 584 1.133
198 1.392 1.6187 0.25 0.0166 130.2 646 1.101
199 1.403 1.6191 0.25 0.0181 135.1 588 1.051
200 1.39 1.6199 0.25 0.017 131.8 564 1.094
201 1.393 1.6234 0.25 0.018 143.8 635 1.151
202 1.39 1.6219 0.25 0.0183 139.6 657 1.204
203 1.396 1.6177 0.25 0.0148 142.7 653 1.054
204 1.398 1.6218 0.25 0.0161 132.2 601 1.134
205 1.396 1.6194 0.25 0.0162 134.1 632 1.077
206 1.385 1.6179 0.25 0.0137 143.5 688 1.113
207 1.392 1.623 0.25 0.0164 133.7 596 1.097
208 1.396 1.6194 0.25 0.0196 137.5 609 1.091
209 1.395 1.6206 0.25 0.0172 135.4 671 1.193
210 1.391 1.6197 0.25 0.0219 138.8 627 1.071
211 1.394 1.6184 0.25 0.0165 135.6 681 1.228
212 1.387 1.6193 0.25 0.015 149.9 676 1.069
213 1.391 1.619 0.25 0.0183 132.9 610 1.048
214 1.393 1.6185 0.25 0.0171 150.1 683 1.179
215 1.396 1.6226 0.25 0.0167 134.5 619 1.115
216 1.397 1.6207 0.25 0.0196 136.6 645 1.1
217 1.393 1.6164 0.25 0.0139 136.1 636 1.098
218 1.39 1.6189 0.25 0.0219 148.4 718 1.039
219 1.389 1.6233 0.25 0.0178 139.9 648 1.17
220 1.399 1.6173 0.25 0.0144 130.4 607 1.074
221 1.398 1.6184 0.25 0.0157 134.6 644 1.071
222 1.393 1.6228 0.25 0.0153 134.3 627 1.067
223 1.388 1.6186 0.25 0.0144 141.5 634 1.16
224 1.389 1.6192 0.25 0.0224 147 741 1.132
225 1.396 1.619 0.25 0.0228 150.7 660 1.013
APPENDIX A HISTORICAL DATA SET CONT.
Battery Downstroke Time Downstroke Dist P1 Weld Time P1 Weld Dist. P1 Weld Energy P1 Peak Powei P2 Weld Time
226 1.393 1.6226 0.25 0.0147 131.4 607 1.169
227 1.391 1.6198 0.25 0.0154 129.2 621 1.156
228 1.405 1.6214 0.25 0.0191 139.3 611 1.073
229 1.395 1.6177 0.25 0.0128 139.7 611 1.145
230 1.391 1.6189 0.25 0.0126 126.5 553 1.052
231 1.391 1.6203 0.25 0.0111 129.6 601 1.147
232 1.386 1.6183 0.25 0.0136 133.4 597 1.055
233 1.385 1.6183 0.25 0.0224 148.1 648 1.039
234 1.398 1.6193 0.25 0.0209 144.9 698 1.086
235 1.387 1.6179 0.25 0.0206 134.6 630 1.165
236 1.388 1.6205 0.25 0.0134 122 588 1.153
237 1.387 1.62 0.25 0.0195 143 621 1.095
238 1.395 1.6214 0.25 0.0176 138 652 1.161
239 1.396 1.6187 0.25 0.0181 131.6 580 1.142
240 1.393 1.6183 0.25 0.0128 134.7 630 1.047
241 1.396 1.6216 0.25 0.0205 141 654 1.126
242 1.387 1.617 0.25 0.0161 135.9 595 1.135
243 1.39 1.6228 0.25 0.0203 145.7 657 1.186
244 1.397 1.6186 0.25 0.0139 144.1 636 1.098
245 1.39 1.6205 0.25 0.012 135.5 639 1.086
246 1.386 1.6204 0.25 0.0162 131.7 629 1.223
247 1.384 1.6188 0.25 0.0166 141.5 650 1.073
248 1.399 1.6202 0.25 0.0173 135.9 620 1.122
249 1.39 1.6177 0.25 0.0139 133 613 1.063
250 1.389 1.6222 0.25 0.0162 131.3 591 1.084
251 1.387 1.617 0.25 0.0183 135.6 625 1.108
252 1.385 1.62 0.25 0.0122 131.3 594 1.171
253 1.382 1.6168 0.25 0.016 136.3 604 1.1
254 1.399 1.6191 0.25 0.0188 148.4 655 1.046
255 1.393 1.6179 0.25 0.0209 139.5 668 1.053
256 1.384 1.6188 0.25 0.015 137.4 674 1.077
257 1.386 1.6229 0.25 0.0181 138.3 629 1.135
258 1.386 1.6168 0.25 0.0156 135.3 615 1.153
259 1.391 1.6185 0.25 0.0204 136.9 682 1.067
260 1.388 1.6192 0.25 0.0215 142.5 727 1.068
261 1.394 1.6201 0.25 0.0186 138.9 646 1.149
262 1.384 1.6196 0.25 0.0136 127.7 582 1.115
263 1.385 1.6218 0.25 0.0165 141 659 1.092
264 1.393 1.6193 0.25 0.0149 129 575 1.138
265 1.39 1.619 0.25 0.0223 138.3 663 1.136
266 1.385 1.6208 0.25 0.0212 148.7 730 1.118
267 1.381 1.6202 0.25 0.0194 139.3 679 1.101
APPENDIX A HISTORICAL DATA SET CONT.
Battery P2 Weld Dist. P2 Weld Energy P2 Peak Power Abs. Dist. Total Weld Time Total Weld Dist. Total Weld Energy
1 0.0729 1003.1 917 1.705 1.5 0.087 1120.8
2 0.0735 998.7 984 1.705 1.495 0.0889 1121.9
3 0.0714 924.1 945 1.705 1.391 0.0861 1049.1
4 0.0741 919.5 915 1.705 1.402 0.0867 1041
5 0.0682 1025.2 1000 1.705 1.491 0.0861 1163.9
6 0.0663 899.4 994 1.705 1.339 0.0855 1042.1
7 0.0758 1002.8 993 1.705 1.529 0.089 1118
8 0.0732 954.7 938 1.705 1.414 0.0867 1073.6
9 0.0743 992.8 966 1.705 1.573 0.0869 1111.3
10 0.0724 1025 966 1.705 1.502 0.0859 1149
11 0.0667 873.1 959 1.705 1.315 0.0861 1010
12 0.0674 1014.4 988 1.705 1.516 0.0869 1149.4
13 0.0659 955.2 935 1.705 1.436 0.0856 1102.4
14 0.074 1025.9 936 1.705 1.49 0.0875 1148.3
15 0.0722 974.8 975 1.705 1.431 0.0876 1098.4
16 0.0693 922.5 1000 1.705 1.411 0.0859 1052.9
17 0.0711 972.4 1014 1.705 1.425 0.0859 1102.2
18 0.0727 925.1 973 1.705 1.4 0.0865 1045.8
19 0.0685 997.2 1014 1.705 1.473 0.0874 1130.3
20 0.0724 919.4 936 1.705 1.426 0.0849 1039.8
21 0.0731 943 1022 1.705 1.393 0.0868 1074.9
22 0.0775 923.6 1023 1.705 1.46 0.0901 1041.2
23 0.0779 997 993 1.705 1.537 0.0889 1112.7
24 0.0785 998.3 992 1.705 1.454 0.0881 1110.5
25 0.0685 993 988 1.705 1.452 0.0851 1126.4
26 0.0776 1044.9 974 1.705 1.507 0.0894 1162.3
27 0.0728 936.5 1071 1.705 1.386 0.0867 1068.7
28 0.0635 957.9 946 1.705 1.449 0.084 1104.4
29 0.0757 1014 1075 1.705 1.472 0.0874 1141.7
30 0.0677 915.5 981 1.705 1.354 0.0861 1049.8
31 0.0669 890.1 994 1.705 1.337 0.0849 1027.2
32 0.0661 903.3 980 1.705 1.376 0.0878 1052.4
33 0.0635 926.4 949 1.705 1.402 0.0835 1075.1
34 0.0689 942.1 1018 1.705 1.375 0.0873 1072.1
35 0.0706 957.8 973 1.705 1.45 0.0812 1081.8
36 0.0658 889.6 925 1.705 1.386 0.082 1025.1
37 0.0635 884.8 991 1.705 1.31 0.0813 1022.7
38 0.0774 990.6 980 1.705 1.557 0.0879 1106.7
39 0.0707 986.2 998 1.705 1.373 0.0865 1115.7
40 0.0637 882.4 993 1.705 1.299 0.0817 1024.3
41 0.0709 883.8 935 1.705 1.348 0.0848 1010.5
42 0.0699 923.2 1018 1.705 1.34 0.0865 1056.6
43 0.0701 916.6 943 1.705 1.363 0.0852 1040.9
44 0.0654 930.9 980 1.705 1.376 0.0849 1070.3
45 0.0732 1032 936 1.705 1.532 0.0863 1158.9
APPENDIX A HISTORICAL DATA SET CONT.
Battery P2 Weld Dist. P2 Weld Energy P2 Peak Power Abs. Dist. Total Weld Time Total Weld Dist. Total Weld Energy
46 0.0708 953.2 987 1.705 1.389 0.0846 1083.9
47 0.0665 936.4 1004 1.705 1.38 0.0863 1068.4
48 0.0716 952.1 1025 1.705 1.382 0.0858 1085.9
49 0.0631 885.9 993 1.705 1.341 0.0848 1020.9
50 0.075 1043.1 961 1.705 1.609 0.0869 1160.8
51 0.0728 928.1 1037 1.705 1.336 0.0872 1064.4
52 0.067 955.1 1007 1.705 1.447 0.0844 1090.7
53 0.0674 889.9 973 1.705 1.382 0.0838 1024.1
54 0.0743 951.8 1031 1.705 1.399 0.0868 1085.8
55 0.068 894 958 1.705 1.345 0.0846 1029.4
56 0.0702 993.1 972 1.705 1.445 0.0853 1129.8
57 0.0735 917.3 974 1.705 1.381 0.0861 1048
58 0.0704 998.7 1018 1.705 1.472 0.0857 1125.8
59 0.0643 944.3 985 1.705 1.364 0.0854 1089.1
60 0.0737 916 1021 1.705 1.337 0.0894 1053.5
61 0.0667 902.3 967 1.705 1.325 0.0861 1043.2
62 0.0756 935.6 1083 1.705 1.353 0.0887 1073.6
63 0.07 927 1052 1.705 1.368 0.087 1056.6
64 0.0661 968.1 1000 1.705 1.422 0.0841 1101.2
65 0.0715 1038.5 952 1.705 1.517 0.0868 1165.7
66 0.0731 984.6 997 1.705 1.432 0.0836 1112.4
67 0.0659 964.5 981 1.705 1.411 0.0854 1099
68 0.0605 911.6 999 1.705 1.322 0.0828 1060.9
69 0.0675 995.5 983 1.705 1.485 0.0841 1126.7
70 0.0662 899.4 974 1.705 1.346 0.0833 1050.5
71 0.0722 870.7 1021 1.705 1.321 0.0878 997.8
72 0.0618 866.1 973 1.705 1.347 0.0843 1009.8
73 0.0667 920.4 998 1.705 1.362 0.0875 1059.2
74 0.0679 859.1 896 1.705 1.375 0.0845 991.9
75 0.0676 981.1 955 1.705 1.457 0.0864 1117.7
76 0.0671 863.3 1014 1.705 1.315 0.0826 1001.4
77 0.0751 996.8 973 1.705 1.587 0.0867 1117.2
78 0.07 894.2 987 1.705 1.317 0.0853 1038.9
79 0.0697 886.5 971 1.705 1.312 0.0827 1026.7
80 0.0735 921.6 1030 1.705 1.384 0.0869 1052.7
81 0.0728 1011.5 942 1.705 1.479 0.0871 1132.1
82 0.0712 899.4 1003 1.705 1.349 0.0857 1037.9
83 0.063 983.3 980 1.705 1.379 0.0846 1128.4
84 0.0782 948.6 1024 1.705 1.454 0.0889 1060.2
85 0.0702 934.2 965 1.705 1.411 0.083 1060.3
86 0.0584 918.2 955 1.705 1.389 0.0802 1072
87 0.0678 967.3 970 1.705 1.405 0.0885 1109.9
88 0.0752 915.1 954 1.705 1.436 0.0883 1035.2
89 0.0692 966.8 980 1.705 1.439 0.0852 1100.3
90 0.0771 956.3 1001 1.705 1.416 0.0895 1078.8
APPENDIX A HISTORICAL DATA SET CONT.
Battery P2 Weld Dist. P2 Weld Energy P2 Peak Power Abs. Dist. Total Weld Time Total Weld Dist. Total Weld Energy
91 0.0669 871.6 978 1.705 1.308 0.084 1003.4
92 0.073 996.9 956 1.705 1.508 0.085 1117.3
93 0.0709 970.9 931 1.705 1.451 0.0847 1096.4
94 0.0654 859.3 1014 1.705 1.266 0.0825 996.6
95 0.0616 867.7 1020 1.705 1.353 0.0829 1010.9
96 0.078 1068.3 1001 1.705 1.516 0.0879 1186.5
97 0.0761 946.1 949 1.705 1.457 .
98 0.0716 940 1062 1.705. 0.0878 1066.1
99 0.0689 1062.2 999 1.705 1.521 0.0871 1202.8
100 0.0632 941.1 1039 1.705 1.364 0.085 1085.8
101 0.0779 1033.9 986 1.705 1.552 0.0883 1148.6
102 0.0722 1030.1 942 1.705 1.453 0.0882 1156.8
103 0.0795 1066.7 993 1.705 1.597 0.0906 1185
104 0.0656 1001.7 978 1.705 1.436 0.0826 1137.4
105 0.0615 872.2 1045 1.705 1.263 0.081 1021
106 0.0747 987.8 982 1.705 1.518 0.0868 1106.7
107 0.0763 999.4 947 1.705 1.582 0.0884 1119.9
108 0.0661 972.3 1002 1.705 1.324 0.0861 1107.9
109 0.0763 938.6 1022 1.705 1.453 0.0891 1055.1
110 0.0705 1050 1006 1.705 1.511 0.0848 1173.6
111 0.0654 882.4 922 1.705 1.319 0.0834 1020.2
112 0.0642 892.2 942 1.705 1.351 0.0807 1033.6
113 0.0635 906.3 1048 1.705 1.314 0.0861 1051.8
114 0.0734 957.9 926 1.705 1.419 0.0862 1080.2
115 0.0669 930.2 1086 1.705 1.356 0.0861 1065.9
116 0.0747 946.4 1002 1.705 1.389 0.0863 1067.6
117 0.0654 919.3 1064 1.705 1.307 0.0829 1055.1
118 0.0749 1057.2 951 1.705 1.626 0.0875 1175.8
119 0.0719 981.2 964 1.705 1.432 0.0861 1119.1
120 0.0644 960.4 1020 1.705 1.416 0.0845 1102.6
121 0.0723 996.6 983 1.705 1.448 0.086 1120.2
122 0.0639 965.3 1014 1.705 1.397 0.0845 1111.2
123 0.0735 919.2 986 1.705 1.38 0.0865 1041.3
124 0.0724 863.2 1013 1.705 1.287 0.0854 998.6
125 0.0773 1094.9 969 1.705 1.639 0.0904 1215.9
126 0.0716 1014.1 989 1.705 1.49 0.0865 1145.2
127 0.0759 989.6 1011 1.705 1.522 0.0874 1102.1
128 0.0689 920.6 985 1.705 1.413 0.0848 1051.6
129 0.0683 982.1 987 1.705 1.421 0.0869 1119.1
130 0.0684 967.8 1050 1.705 1.354 0.0878 1102.8
131 0.0734 949.9 937 1.705 1.404 0.0889 1075.6
132 0.0781 1033.6 947 1.705 1.592 0.0882 1151.2
133 0.0701 964.5 1018 1.705 1.419 0.0871 1093.8
134 0.0648 888.5 958 1.705 1.311 0.0809 1027.6
135 0.0665 983.5 1002 1.705 1.448 0.0827 1122.9
APPENDIX A HISTORICAL DATA SET CONT.
Battery P2 Weld Dist. P2 Weld Energy P2 Peak Power Abs. Dist. Total Weld Time Total Weld Dist. Total Weld Energy
136 0.0704 986.9 1009 1.705 1.394 0.085 1128.9
137 0.0726 949.4 951 1.705 1.375 0.0853 1073.6
138 0.0716 925.5 1054 1.705 1.357 0.087 1065.8
139 0.0646 960.6 964 1.705 1.409 0.0837 1097.1
140 0.0801 982.7 1037 1.705 1.508 0.0916 1099.4
141 0.0692 996.8 965 1.705 1.484 0.0853 1126.1
142 0.0802 944.8 982 1.705 1.428 0.0911 1065.6
143 0.0726 1032.9 950 1.705 1.523 0.0865 1152.6
144 0.0679 1002 937 1.705 1.469 0.0857 1137.8
145 0.0715 911.1 1036 1.705 1.348 0.0873 1054.7
146 0.0627 947 971 1.705 1.405 0.0818 1095.5
147 0.0664 949.7 1056 1.705 1.385 0.0849 1084.5
148 0.0763 996.7 969 1.705 1.534 0.0889 1117.3
149 0.0676 942.1 913 1.705 1.431 0.0852 1077.3
150 0.0708 919.7 984 1.705 1.4 0.0873 1056.9
151 0.0733 911.7 990 1.705 1.45 0.0859 1033.1
152 0.658 943.1 995 1.705 1.398 0.0878 1084.6
153 0.0709 931.4 993 1.705 1.398 0.0875 1058.3
154 0.0708 1030.2 962 1.705 1.516 0.0859 1156.3
155 0.0745 960.4 947 1.705 1.485 0.0876 1080
156 0.0669 894 993 1.705 1.332 0.0857 1034
157 0.0721 1021.9 972 1.705 1.456 0.0867 1150.6
158 0.072 925.1 1015 1.705 1.377 0.0879 1054.4
159 0.0642 934.3 991 1.705 1.404 0.0844 1083.4
160 0.0703 873.6 977 1.705 1.31 0.0861 1010.5
161 0.0654 878.5 1044 1.705 1.304 0.0849 1014.1
162 0.0752 960.9 944 1.705 1.474 0.0871 1077
163 0.0691 950.1 922 1.705 1.421 0.0852 1079.6
164 0.0668 955.3 1034 1.705 1.331 0.0866 1092.1
165 0.0801 938.8 1028 1.705 1.377 0.0911 1060.3
166 0.0698 962 930 1.705 1.436 0.0849 1094
167 0.0644 884.5 1020 1.705 1.305 0.0852 1024.1
168 0.0745 947.5 1012 1.705 1.347 0.0908 1079.1
169 0.0699 906.5 1015 1.705 1.389 0.0859 1042.1
170 0.0655 935.8 958 1.705 1.4 0.0852 1079.8
171 0.0707 990.8 975 1.705 1.43 0.0872 1127.9
172 0.0744 1047.4 975 1.705 1.445 0.0879 1167.3
173 0.0672 969.5 954 1.705 1.418 0.0842 1103.7
174 0.0687 972.3 1008 1.705 1.419 0.0882 1109.7
175 0.0753 1050 990 1.705 1.477 0.0883 1171.8
176 0.0773 1008.3 1009 1.705 1.528 0.0899 1128.7
177 0.0777 994 1066 1.705 1.5 0.0898 1111
178 0.0647 858.3 999 1.705 1.327 0.0852 1005.8
179 0.0796 885.3 1027 1.705 1.354 0.0912 1006.5
180 0.0737 1002 987 1.705 1.428 0.0872 1123
APPENDIX A HISTORICAL DATA SET CONT.
Battery P2 Weld Dist. P2 Weld Energy P2 Peak Power Abs. Dist. Total Weld Time Total Weld Dist. Total Weld Energy
181 0.0688 960 982 1.705 1.44 0.0869 1094.7
182 0.068 915.4 1037 1.705 1.351 0.087 1054.8
183 0.0759 1040.9 985 1.705 1.581 0.0879 1156.4
184 0.0649 840.2 1006 1.705 1.28 0.0846 986.7
185 0.0702 893.3 1087 1.705 1.301 0.0854 1025.8
186 0.0721 973.1 986 1.705 1.412 0.0861 1100.9
187 0.0669 1019.6 944 1.705 1.497 0.0816 1150.3
188 0.0663 919.8 998 1.705 1.341 0.0859 1056.8
189 0.0664 855.7 945 1.705 1.346 0.0818 988
190 0.0766 881 994 1.705 1.361 0.0901 1012.1
191 0.0775 955 997 1.705 1.481 0.0904 1073.7
192 0.0669 944.1 993 1.705 1.354 0.0839 1081.5
193 0.0702 1110.8 1035 1.705 1.553 0.0885 1243.9
194 0.0668 938.7 978 1.705 1.407 0.0835 1071.3
195 0.0623 886.7 928 1.705 1.391 0.0835 1033.8
196 0.0669 899.8 1065 1.705 1.364 0.0855 1047.5
197 0.0695 948.3 975 1.705 1.383 0.0841 1073.9
198 0.0697 944 1028 1.705 1.351 0.0863 1074.2
199 0.0679 857 898 1.705 1.301 0.0859 992.2
200 0.068 902.1 992 1.705 1.344 0.0851 1033.9
201 0.0637 918.6 956 1.705 1.401 0.0816 1062.5
202 0.0647 977.5 980 1.705 1.454 0.0831 1117.1
203 0.0725 877.3 1025 1.705 1.304 0.0873 1020
204 0.067 901.2 905 1.705 1.384 0.0832 1033.4
205 0.0694 872.3 989 1.705 1.327 0.0856 1006.4
206 0.0733 935.7 961 1.705 1.363 0.0871 1079.3
207 0.0656 885.5 981 1.705 1.347 0.082 1019.2
208 0.066 875.3 939 1.705 1.341 0.0856 1012.8
209 0.0672 960.2 906 1.705 1.443 0.0844 1095.6
210 0.0634 885.3 952 1.705 1.321 0.0853 1024.1
211 0.0701 1064.3 989 1.705 1.478 0.0866 1199.9
212 0.0707 882.8 957 1.705 1.319 0.0857 1032.7
213 0.0677 848.3 1017 1.705 1.298 0.086 981.2
214 0.0694 979.1 1012 1.705 1.429 0.0865 1129.3
215 0.0657 896.9 951 1.705 1.365 0.0824 1031.4
216 0.0646 893.3 944 1.705 1.35 0.0843 1030
217 0.0747 915.6 1022 1.705 1.348 0.0886 1051.7
218 0.0642 944.4 1040 1.705 1.289 0.0861 1092.9
219 0.0638 921.5 908 1.705 1.42 0.0817 1061.5
220 0.0733 870.8 1049 1.705 1.324 0.0877 1001.3
221 0.0709 892.6 1016 1.705 1.321 0.0866 1027.2
222 0.0669 864.5 967 1.705 1.317 0.0822 998.8
223 0.072 963.3 1040 1.705 1.41 0.0864 1104.9
224 0.0634 990.6 988 1.705 1.382 0.0858 1137.6
225 0.0633 822.4 1006 1.705 1.263 0.086 973.1
APPENDIX A HISTORICAL DATA SET CONT.
Battery P2 Weld Dist. P2 Weld Energy P2 Peak Power Abs. Dist. Total Weld Time Total Weld Dist. Total Weld Energy
226 0.0678 947.1 958 1.705 1.419 0.0824 1078.5
227 0.0698 942.8 977 1.705 1.406 0.0852 1072.1
228 0.0644 867.6 1014 1.705 1.323 0.0836 1007
229 0.0746 956.6 1035 1.705 1.395 0.0874 1096.4
230 0.0736 847.1 1047 1.705 1.302 0.0861 973.7
231 0.0736 946.2 993 1.705 1.397 0.0847 1075.9
232 0.0731 875.7 1049 1.705 1.305 0.0867 1009.2
233 0.0643 842.6 989 1.705 1.289 0.0867 990.7
234 0.0648 902.1 983 1.705 1.336 0.0857 1047.1
235 0.0665 946 974 1.705 1.415 0.0871 1080.6
236 0.0711 915.3 916 1.705 1.403 0.0845 1037.3
237 0.0655 908.6 1028 1.705 1.345 0.085 1051.6
238 0.0661 902.7 945 1.705 1.411 0.0836 1040.7
239 0.0682 938.5 995 1.705 1.392 0.0863 1070.2
240 0.0739 860.3 989 1.705 1.297 0.0867 995
241 0.063 920.2 979 1.705 1.376 0.0834 1061.2
242 0.0718 937.1 1056 1.705 1.385 0.088 1073.1
243 0.062 916.6 940 1.705 1.436 0.0822 1062.4
244 0.0726 915.3 986 1.705 1.348 0.0864 1059.5
245 0.0726 922.7 1004 1.705 1.336 0.0845 1058.2
246 0.0685 996.8 952 1.705 1.473 0.0846 1128.6
247 0.0696 896.9 1002 1.705 1.323 0.0862 1038.4
248 0.0675 880.8 956 1.705 1.372 0.0848 1016.7
249 0.0734 882.2 1048 1.705 1.313 0.0873 1015.3
250 0.0666 872.2 930 1.705 1.334 0.0828 1003.5
251 0.0697 902.9 998 1.705 1.358 0.088 1038.5
252 0.0729 920.8 942 1.705 1.421 0.085 1052.2
253 0.0722 925.6 1005 1.705 1.35 0.0882 1061.9
254 0.0671 861.6 1042 1.705 1.296 0.0859 1010.1
255 0.0661 869.3 977 1.705 1.303 0.087 1008.9
256 0.0712 888.7 998 1.705 1.327 0.0862 1026.2
257 0.064 885.3 981 1.705 1.385 0.0821 1023.7
258 0.0726 943.2 995 1.705 1.403 0.0882 1078.5
259 0.0662 872.6 990 1.705 1.317 0.0865 1009.6
260 0.0643 936.1 1013 1.705 1.318 0.0858 1078.6
261 0.0663 940.8 986 1.705 1.399 0.0849 1079.8
262 0.0718 881.2 975 1.705 1.365 0.0854 1009
263 0.0667 888.5 964 1.705 1.342 0.0832 1029.5
264 0.0708 947.1 1037 1.705 1.388 0.0857 1076.2
265 0.0637 931.6 991 1.705 1.386 0.086 1070
266 0.063 965.8 991 1.705 1.368 0.0842 1114.5
267 0.0653 922.4 959 1.705 1.351 0.0848 1061.7
APPENDIX A HISTORICAL DATA SET CONT.
Battery Total Cycle Time Total Stroke Length Front Cover Back Cover IAverage Top Bottom
1 3.418 1.7091 0.001 0.0145 0.0155 10.06 9.696 10.425
2 3.4 1.7093 -0.002 0.0095 0.0135 9.395 9.413 9.376
3 3.306 1.709 0.0015 0.0135 0.0145 10.167 9.895 10.439
4 3.317 1.7092 0.0015 0.0125 0.016 10.195 9.916 10.473
5 3.395 1.7098 -0.0035 0.011 0.0145 10.204 9.927 10.481
6 3.256 1.7092 0.0005 0.0125 0.0115 9.634 9.774 9.494
7 3.443 1.7096 -0.001 0.018 0.014 10.396 10.277 10.515
8 3.322 1.7091 0.0005 0.0135 0.0145 10.224 9.968 10.481
9 3.475 1.7096 -0.0005 0.0175 0.0155 10.075 9.941 10.21
10 3.432 1.7092 0.0005 0.012 0.0155 10.259 10.018 10.499
11 3.228 1.7092 0.001 0.013 0.0115 10.201 9.922 10.48
12 3.414 1.7094 -0.003 0.01 0.0145 10.228 9.969 10.488
13 3.349 1.7091 0 0.02 0.013 10.126 9.799 10.453
14 3.396 1.7089 -0.0005 0.02 0.014 9.769 9.777 9.762
15 3.342 1.7092 -0.0005 0.0125 0.0135 10.074 10.045 10.102
16 3.318 1.7091 0 0.018 0.0075 10.237 10.007 10.468
17 3.332 1.7092 -0.0005 0.0125 0.013 9.681 9.798 9.563
18 3.306 1.7092 0.0005 0.018 0.007 9.88 10.002 9.757
19 3.38 1.7095 -0.001 0.012 0.01 9.786 9.784 9.789
20 3.333 1.7092 -0.003 0.017 0.0095 9.65 9.607 9.692
21 3.305 1.7091 -0.005 0.0115 0.007 10.029 10.09 9.968
22 3.369 1.7094 -0.0005 0.015 0.0085 9.771 9.748 9.794
23 3.439 1.7094 -0.0005 0.016 0.0075 9.714 9.696 9.732
24 3.351 1.7093 -0.0005 0.018 0.007 9.794 9.822 9.767
25 3.351 1.709 -0.0005 0.017 0.0055 9.998 9.956 10.04
26 3.418 1.7096 -0.0015 0.009 0.0095 9.63 9.601 9.659
27 3.286 1.7091 -0.003 0.014 0.007 9.703 9.673 9.733
28 3.358 1.7089 -0.0025 0.0175 0.0065 9.584 9.677 9.491
29 3.376 1.7094 -0.0025 0.017 0.0045 9.795 9.913 9.678
30 3.265 1.7098 -0.003 0.013 0.005 9.774 9.939 9.608
31 3.254 1.7091 0.0005 0.0115 0.008 9.573 9.629 9.516
32 3.271 1.7094 -0.0035 0.013 0.0045 9.696 9.749 9.644
33 3.032 1.7089 -0.0045 0.0105 0.007 9.915 9.83 10.001
34 3.271 1.7093 0 0.0125 0.0105 9.584 9.614 9.553
35 3.373 1.7096 -0.0015 0.0175 0.0145 10.272 10.057 10.486
36 3.29 1.709 -0.0005 0.0155 0.0145 10.106 9.733 10.478
37 3.246 1.7094 -0.0045 0.014 0.0115 9.839 9.849 9.828
38 3.468 1.7094 0 0.0175 0.015 10.176 9.913 10.439
39 3.277 1.7091 0.0025 0.0075 0.0145 10.201 9.907 10.495
40 3.221 1.7092 -0.0025 0.013 0.011 10.255 10.012 10.497
41 3.258 1.709 0.0005 0.017 0.0125 9.654 9.632 9.677
42 3.268 1.7089 -0.0015 0.009 0.01 9.89 10.015 9.764
43 3.276 1.709 0.0005 0.014 0.015 9.951 10.012 9.889
44 3.28 1.709 -0.0005 0.0145 0.013 9.944 10.207 9.68
45 3.461 1.7091 0.0005 0.011 0.013 9.914 9.946 9.881
APPENDIX A HISTORICAL DATA SET CONT.
Battery Total Cycle Time Total Stroke Length Front Cover Back Cover Average Top Bottom
46 3.305 1.709 0.0005 0.0145 0.011 10.044 10.441 9.646
47 3.303 1.7094 -0.0005 0.0115 0.0135 9.846 10.005 9.686
48 3.314 1.7095 -0.0055 0.0125 0.011 9.754 9.862 9.646
49 3.274 1.7096 -0.0025 0.0125 0.0125 10.001 10.26 9.742
50 3.539 1.7091 -0.0015 0.0165 0.009 9.877 10.048 9.706
51 3.251 1.7092 -0.001 0.0135 0.0035 9.548 9.537 9.559
52 3.375 1.7095 0.001 0.017 0.008 10.19 10.405 9.974
53 3.305 1.7089 0 0.0165 0.005 9.708 9.873 9.544
54 3.312 1.7092 -0.0035 0.013 0.006 9.98 10.049 9.911
55 3.27 1.7093 -0.0005 0.0155 0.0065 10.398 10.332 10.464
56 3.356 1.7091 -0.0035 0.019 0.005 9.657 9.815 9.498
57 3.293 1.7092 -0.0035 0.0115 0.006 10.193 10.194 10.192
58 3.391 1.7093 0.0035 0.0155 0.011 9.631 9.736 9.527
59 3.298 1.7089 -0.008 0.01 0.0065 9.959 9.883 10.035
60 3.228 1.7089 0.0015 0.015 0.008 10.274 10.025 10.523
61 3.237 1.7093 0.0015 0.008 0.0095 9.694 9.649 9.74
62 3.255 1.7094 -0.002 0.0125 0.0045 9.942 10.011 9.874
63 3.266 1.7093 -0.0025 0.0145 0.0045 10.429 10.449 10.409
64 3.362 1.7095 0.002 0.0155 0.0085 9.705 9.885 9.526
65 3.419 1.7094 0 0.012 0.013 9.939 10.024 9.853
66 3.326 1.7092 -0.0025 0.018 0.0075 10.071 10.169 9.974
67 3.354 1.7096 -0.0005 0.012 0.011 10.014 10.035 9.993
68 3.228 1.7089 -0.003 0.0135 0.0065 10.249 9.992 10.505
69 3.383 1.7091 0.001 0.016 0.008 9.875 9.787 9.963
70 3.284 1.709 0.0005 0.016 0.008 10.179 10.302 10.056
71 3.23 1.7092 0 0.011 0.006 9.938 9.962 9.914
72 3.277 1.7094 0 0.012 0.009 9.825 9.927 9.723
73 3.258 1.7091 0.0005 0.0125 0.007 9.802 10.056 9.547
74 3.277 1.7087 0.001 0.0155 0.011 9.671 9.75 9.592
75 3.362 1.7094 0.0005 0.0135 0.0085 9.736 9.87 9.602
76 3.23 1.7092 -0.0025 0.018 0.0065 10.369 10.199 10.538
77 3.519 1.7096 0.0025 0.018 0.011 9.705 9.58 9.829
78 3.219 1.7092 -0.0025 0.015 0.006 9.757 10.007 9.506
79 3.247 1.709 0.0025 0.018 0.007 9.983 10.02 9.946
80 3.289 1.7097 0.001 0.014 0.007 9.794 9.789 9.8
81 3.379 1.7088 0.0045 0.014 0.008 9.742 9.737 9.748
82 3.281 1.7093 0.003 0.0155 0.0055 10.188 9.998 10.378
83 3.288 1.7091 0.0005 0.0075 0.01 9.538 9.602 9.474
84 3.37 1.7094 0 0.018 0.0055 10.197 9.998 10.396
85 3.327 1.7091 0.0015 0.0175 0.0075 9.752 9.971 9.533
86 3.32 1.7092 0.0005 0.0195 0.0065 9.659 9.774 9.544
87 3.335 1.7094 0.001 0.0075 0.0095 9.617 9.79 9.445
88 3.343 1.7097 -0.001 0.0125 0.0155 10.037 10.076 9.998
89 3.353 1.7088 0.0025 0.0165 0.007 9.986 9.989 9.984
90 3.326 1.7092 -0.0015 0.013 0.0075 9.689 9.812 9.567
APPENDIX A HISTORICAL DATA SET CONT.
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91 3.225 1.709 -0.001 0.0185 0.006 9.602 9.677 9.526
92 3.427 1.7096 -0.001 0.017 0.0075 9.829 9.881 9.778
93 3.368 1.7092 0 0.015 0.0095 9.77 9.694 9.847
94 3.205 1.709 0.0025 0.0125 0.0045 10.163 10.42 9.906
95 3.262 1.7094 0.0005 0.015 0.0045 9.914 10.093 9.735
96 3.433 1.7092 0 0.012 0.0085 9.718 9.812 9.625
97 . 1.7089 0 0.017 0.015 9.674 9.682 9.666
98 3.291 1.7093 -0.004 0.0105 0.0115 10.335 10.247 10.424
99 3.428 1.7094 -0.0025 0.012 0.0145 9.954 10.163 9.745
100 3.282 1.709 -0.0045 0.0125 0.012 10.051 10.119 9.984
101 3.451 1.7091 -0.0015 0.0135 0.0145 9.434 9.536 9.333
102 3.349 1.7089 0.0025 0.0095 0.0165 10.126 9.842 10.41
103 3.518 1.7091 0.002 0.012 0.0145 10.251 10.09 10.413
104 3.355 1.7091 -0.003 0.019 0.014 9.782 9.954 9.61
105 3.202 1.7092 0.003 0.0115 0.0105 9.773 9.987 9.56
106 3.438 1.7089 0.003 0.018 0.0155 9.804 9.995 9.613
107 3.483 1.7089 0.0025 0.015 0.017 9.362 9.345 9.379
108 3.254 1.7091 0.001 0.0035 0.0125 10.245 10.063 10.427
109 3.375 1.7095 0.001 0.016 0.013 9.669 9.792 9.547
110 3.434 1.7096 -0.001 0.016 0.016 10.017 10.077 9.957
111 3.258 1.709 0 0.017 0.0145 9.9 9.863 9.937
112 3.277 1.7091 0.0005 0.0165 0.014 9.695 9.832 9.557
113 3.236 1.7089 -0.001 0.0115 0.012 9.751 9.859 9.644
114 3.341 1.7093 0.0005 0.012 0.0155 9.648 9.692 9.604
115 3.267 1.7092 -0.004 0.0125 0.011 9.627 9.743 9.51
116 3.309 1.7092 0.0025 0.0155 0.0105 9.869 9.997 9.741
117 3.227 1.7091 0.005 0.011 0.0125 9.843 10.069 9.618
118 3.539 1.7092 -0.0015 0.017 0.015 10.185 9.942 10.428
119 3.374 1.7091 -0.0005 0.014 0.0145 10.312 10.093 10.531
120 3.338 1.7089 0 0.0135 0.013 9.939 10.108 9.771
121 3.345 1.7091 0.0025 0.0145 0.012 9.599 9.83 9.369
122 3.325 1.7092 -0.002 0.0115 0.0135 10.269 10.118 10.42
123 3.298 1.7089 0 0.017 0.011 9.974 9.926 10.023
124 3.207 1.709 0 0.016 0.011 9.751 9.848 9.655
125 3.541 1.709 -0.0025 0.0135 0.0155 10.033 10.132 9.933
126 3.4 1.709 0.0015 0.012 0.016 9.991 10.028 9.954
127 3.43 1.709 0.0035 0.017 0.0155 10.355 10.234 10.476
128 3.323 1.7094 0.0005 0.018 0.0125 10.283 10.117 10.449
129 3.353 1.7092 -0.0015 0.0135 0.016 10.274 10.084 10.463
130 3.277 1.7089 -0.002 0.0095 0.0105 10.266 10.038 10.495
131 3.322 1.7088 0 0.0115 0.014 10.005 10.213 9.797
132 3.506 1.7092 -0.0005 0.018 0.016 10.188 10 10.376
133 3.35 1.7097 -0.0015 0.014 0.0135 9.652 9.79 9.515
134 3.253 1.7092 -0.0035 0.014 0.0145 9.627 9.552 9.702
135 3.364 1.7094 -0.0005 0.015 0.011 10.005 10.272 9.738
APPENDIX A HISTORICAL DATA SET CONT.
Battery Total Cycle Time Total Stroke Length Front Cover Back Cover Average Top Bottom
136 3.307 1.7089 -0.0105 0.015 0.013 9.786 9.805 9.768
137 3.296 1.7094 -0.0085 0.0125 0.0145 10.279 10.102 10.456
138 3.274 1.7092 -0.0035 0.0145 0.0135 9.532 9.623 9.441
139 3.314 1.709 0 0.019 0.0125 9.854 9.911 9.797
140 3.424 1.7089 0.0005 0.01 0.0145 9.711 9.918 9.504
141 3.395 1.7092 -0.001 0.016 0.015 9.975 9.976 9.974
142 3.331 1.7093 -0.0005 0.017 0.014 10.019 10.219 9.82
143 3.426 1.7089 0.0025 0.018 0.014 9.845 10.166 9.524
144 3.364 1.7088 0.001 0.015 0.015 10.197 9.912 10.482
145 3.241 1.7092 -0.0035 0.013 0.0125 9.635 9.642 9.629
146 3.333 1.7092 -0.0005 0.011 0.0145 9.899 9.9 9.898
147 3.277 1.7087 0 0.018 0.012 10.135 10.064 10.206
148 3.434 1.7094 0 0.015 0.0155 10.015 9.989 10.042
149 3.324 1.709 0.0015 0.014 0.016 9.994 10.358 9.63
150 3.289 1.7089 0.001 0.0165 0.016 9.685 9.638 9.731
151 3.374 1.7091 0 0.017 0.01 9.891 10.06 9.723
152 3.302 1.7093 0 0.0115 0.009 9.893 10.037 9.75
153 3.29 1.7092 -0.0015 0.0105 0.011 9.868 9.982 9.754
154 3.407 1.7092 -0.0055 0.0175 0.0075 9.933 9.993 9.874
155 3.388 1.7091 -0.001 0.0175 0.0065 9.906 9.877 9.936
156 3.226 1.7094 -0.001 0.0145 0.01 9.863 9.886 9.84
157 3.346 1.7092 0.0005 0.0115 0.0055 10.358 10.18 10.536
158 3.268 1.7092 0.0005 0.0135 0.0065 10.141 9.891 10.391
159 3.289 1.709 -0.001 0.0195 0.0085 9.828 9.977 9.68
160 3.201 1.7096 -0.002 0.0125 0.0045 9.569 9.567 9.57
161 3.206 1.7091 -0.0015 0.0125 0.0085 9.848 9.946 9.75
162 3.364 1.7091 0.0045 0.0135 0.008 10.179 10.46 9.899
163 3.306 1.7089 0 0.0135 0.009 9.893 9.901 9.885
164 3.221 1.7089 -0.0025 0.017 0.007 10.206 9.947 10.465
165 3.269 1.7093 -0.009 0.0125 0.01 9.78 9.817 9.743
166 3.333 1.7091 0.001 0.016 0.0065 9.45 9.436 9.465
167 3.202 1.7089 -0.0015 0.0165 0.007 9.916 10.028 9.804
168 3.249 1.7093 -0.003 0.012 0.0055 9.985 10.023 9.947
169 3.284 1.7089 0 0.0125 0.005 9.985 10.067 9.903
170 3.288 1.709 0.001 0.016 0.0065 10.253 10.047 10.459
171 3.333 1.7091 -0.004 0.02 0.008 9.82 9.932 9.708
172 3.338 1.7088 -0.005 0.0165 0.012 9.848 9.888 9.808
173 3.307 1.7089 0.002 0.0085 0.0125 9.936 10.11 9.762
174 3.32 1.7092 -0.001 0.018 0.0075 9.897 9.937 9.858
175 3.369 1.7089 -0.0015 0.0135 0.0075 9.709 9.911 9.507
176 3.42 1.7091 -0.0025 0.0145 0.0095 9.874 10.003 9.745
177 3.387 1.7093 -0.001 0.014 0.008 9.791 9.898 9.685
178 3.228 1.7093 0.0005 0.0145 0.0055 10.118 9.859 10.378
179 3.246 1.709 -0.001 0.0155 0.0085 9.759 9.886 9.632
180 3.321 1.7091 -0.004 0.0155 0.0085. 9.849 10.016 9.682
APPENDIX A HISTORICAL DATA SET CONT.
Battery Total Cycle Time Total Stroke Length Front Cover Back Cover Average Top Bottom
181 3.336 1.7092 -0.0025 0.016 0.01 10.104 10.199 10.009
182 3.248 1.7091 -0.0035 0.0165 0.007 9.977 9.95 10.005
183 3.466 1.7089 -0.0025 0.018 0.008 9.96 10.015 9.905
184 3.171 1.7092 -0.0015 0.0145 0.005 9.707 9.665 9.748
185 3.237 1.7091 -0.002 0.013 0.006 10.368 10.247 10.489
186 3.313 1.7091 0.0015 0.015 0.013 9.737 9.897 9.577
187 3.406 1.7089 -0.0025 0.02 0.006 9.459 9.475 9.442
188 3.226 1.7087 -0.0025 0.015 0.006 10.178 9.947 10.409
189 3.235 1.7089 0.0025 0.0165 0.0085 9.719 9.827 9.612
190 3.252 1.7092 0 0.013 0.0075 9.73 9.886 9.575
191 3.372 1.7089 -0.0035 0.0135 0.0085 9.788 9.836 9.739
192 3.26 1.709 0 0.0135 0.0065 9.637 9.778 9.495
193 3.445 1.7089 0.004 0.013 0.0095 9.998 10.221 9.775
194 3.299 1.7092 -0.001 0.0185 0.0065 9.749 9.857 9.642
195 3.285 1.709 0.001 0.016 0.011 10.274 10.08 10.468
196 3.256 1.7091 0.0005 0.015 0.0065 9.924 10.058 9.789
197 3.281 1.709 -0.002 0.012 0.0085 9.893 10.02 9.767
198 3.243 1.7089 -0.007 0.0145 0.007 9.833 10.056 9.61
199 3.204 1.7093 -0.0025 0.014 0.007 10.033 10.002 10.064
200 3.234 1.7092 -0.003 0.0145 0.0095 9.777 10.096 9.457
201 3.294 1.7091 -0.0005 0.0165 0.012 9.848 10.111 9.585
202 3.344 1.7089 0.0005 0.016 0.006 9.94 9.987 9.894
203 3.2 1.7088 -0.0035 0.015 0.0045 10.012 10.358 9.666
204 3.282 1.7089 0 0.016 0.011 9.671 9.703 9.639
205 3.223 1.7089 -0.004 0.0155 0.0045 10.043 10.109 9.977
206 3.248 1.7089 -0.004 0.012 0.007 10.076 10.326 9.827
207 3.239 1.7087 -0.001 0.0165 0.0045 10.274 10.337 10.211
208 3.237 1.7091 -0.001 0.013 0.01 10.177 9.937 10.417
209 3.338 1.7089 -0.0015 0.015 0.01 9.993 9.967 10.019
210 3.212 1.7091 -0.0045 0.0115 0.0085 9.918 10.123 9.713
211 3.372 1.7089 0 0.008 0.012 9.749 9.878 9.62
212 3.206 1.7088 -0.0085 0.0115 0.007 9.994 10.2 9.789
213 3.189 1.7091 -0.0005 0.012 0.0065 10.161 10.135 10.188
214 3.322 1.7092 -0.0075 0.014 0.0075 9.766 9.843 9.69
215 3.261 1.7091 0.0005 0.0145 0.01 9.925 10.016 9.835
216 3.247 1.709 -0.0015 0.0155 0.008 9.577 9.738 9.417
217 3.241 1.7091 -0.0045 0.0155 0.0075 9.635 9.783 9.486
218 3.179 1.7089 -0.003 0.0065 0.005 9.899 9.986 9.813
219 3.309 1.7088 -0.0015 0.015 0.0075 9.862 10.013 9.712
220 3.223 1.709 -0.0035 0.0135 0.005 10.016 10.196 9.836
221 3.219 1.7092 -0.0055 0.0145 0.005 10.323 10.179 10.468
222 3.21 1.7088 0 0.0165 0.005 9.911 9.947 9.875
223 3.298 1.7092 -0.006 0.0135 0.0065 9.834 9.97 9.699
224 3.271 1.709 0 0.009 0.0095 9.867 9.829 9.905
225 3.159 1.7092 -0.004 0.0135 0.007 9.671 9.774 9.568
APPENDIX A HISTORICAL DATA SET CONT.
Battery Total Cycle Time Total Stroke Length Front Cover Back Cover Average Top Bottom
226 3.312 1.709 0.0005 0.016 0.011 10.207 9.987 10.427
227 3.297 1.7087 -0.0025 0.0125 0.0085 9.906 10.002 9.81
228 3.228 1.7092 -0.0005 0.015 0.0065 9.801 10.043 9.559
229 3.29 1.7096 -0.002 0.0125 0.009 9.783 9.785 9.781
230 3.193 1.7093 -0.0035 0.013 0.0085 9.8 9.944 9.656
231 3.288 1.7092 -0.0005 0.0165 0.0065 9.947 10.024 9.87
232 3.191 1.7091 -0.004 0.012 0.007 10.147 10.282 10.013
233 3.174 1.7089 -0.004 0.0145 0.0055 10.331 10.196 10.466
234 3.234 1.7086 -0.001 0.0165 0.006 9.71 9.873 9.546
235 3.302 1.7092 -0.003 0.0105 0.0125 10.174 9.937 10.411
236 3.291 1.7089 -0.0005 0.017 0.01 10.129 9.876 10.383
237 3.232 1.7092 -0.002 0.0115 0.007 9.814 9.869 9.759
238 3.306 1.709 0 0.0185 0.007 9.789 10 9.578
239 3.288 1.7096 -0.002 0.0115 0.0085 9.994 10.115 9.874
240 3.19 1.7092 -0.0025 0.0125 0.0075 10.255 10.416 10.094
241 3.272 1.7092 -0.002 0.0155 0.007 10.317 10.226 10.409
242 3.272 1.7092 -0.0035 0.0145 0.006 9.729 9.866 9.593
243 3.326 1.7093 -0.0035 0.016 0.013 10.184 10.289 10.079
244 3.245 1.7091 -0.0035 0.014 0.006 9.545 9.71 9.38
245 3.226 1.709 -0.0025 0.014 0.007 9.988 10.017 9.96
246 3.359 1.7089 -0.003 0.0175 0.009 9.718 9.835 9.601
247 3.207 1.709 -0.0035 0.0135 0.007 9.65 9.732 9.568
248 3.271 1.7089 0.0045 0.0155 0.0115 9.924 10.007 9.841
249 3.203 1.7091 -0.0005 0.0125 0.006 9.714 9.745 9.683
250 3.223 1.7087 -0.0001 0.017 0.006 9.958 10.151 9.765
251 3.245 1.7093 -0.002 0.012 0.0075 9.684 9.891 9.478
252 3.306 1.7089 0.0005 0.0145 0.009 9.838 10.075 9.601
253 3.232 1.7087 0.0005 0.0135 0.0065 9.748 9.909 9.588
254 3.195 1.7092 -0.003 0.0135 0.0065 10.182 10.062 10.302
255 3.196 1.7091 -0.001 0.013 0.0065 10.267 10.159 10.375
256 3.211 1.709 -0.003 0.014 0.007 10.006 10.155 9.857
257 3.271 1.7088 0.0005 0.0165 0.007 10.081 10.164 9.997
258 3.289 1.7093 -0.005 0.0135 0.0105 10.231 10.085 10.377
259 3.208 1.7091 -0.0005 0.0125 0.0095 9.882 10.075 9.689
260 3.206 1.7089 0 0.0075 0.0075 9.719 10.024 9.413
261 3.293 1.7096 -0.0035 0.014 0.0115 9.889 9.947 9.831
262 3.249 1.7087 0.0025 0.017 0.0075 9.783 9.965 9.601
263 3.227 1.709 0 0.0135 0.0095 10.122 10.085 10.159
264 3.281 1.7096 -0.004 0.013 0.008 10 10.319 9.682
265 3.276 1.7091 -0.0025 0.0115 0.009 9.772 9.892 9.651
266 3.253 1.709 0 0.008 0.008 9.807 9.931 9.684
267 3.232 1.7087 0 0.0125 0.0065 10.301 10.208 10.394
APPENDIX A HISTORICAL DATA SET CONT.
Battery Right Left 1 2 3 4 A B C
1 10.002 10.119 9.7577 9.6337 10.4797 10.3697 2.3385 2.7065 2.6935
2 9.316 9.474 9.5074 9.3184 9.4399 9.3129 2.3395 2.708 2.695
3 10.094 10.24 9.9734 9.8169 10.5059 10.3714 2.3375 2.703 2.694
4 10.131 10.258 9.9854 9.8474 10.5314 10.4139 2.339 2.703 2.692
5 10.13 10.278 10.0069 9.8474 10.5489 10.4124 2.34 2.713 2.694
6 9.613 9.656 9.8054 9.7434 9.5069 9.4819 2.3395 2.705 2.6945
7 10.316 10.476 10.3714 10.1819 10.5804 10.4494 2.338 2.705 2.695
8 10.174 10.275 10.0189 9.9164 10.5314 10.4309 2.3415 2.704 2.693
9 10.159 9.991 9.8569 10.0244 10.1249 10.2944 2.3385 2.7065 2.6955
10 10.195 10.322 10.0844 9.9524 10.5604 10.4384 2.337 2.702 2.692
11 10.133 10.269 9.9994 9.8449 10.5384 10.4214 2.3385 2.7055 2.694
12 10.158 10.298 10.0504 9.8874 10.5459 10.4294 2.339 2.7055 2.6945
13 10.03 10.222 9.8974 9.7009 10.5459 10.3594 2.337 2.706 2.692
14 9.465 10.073 10.1014 9.4524 10.0454 9.4784 2.337 2.7025 2.6935
15 9.685 10.462 10.4604 9.6299 10.4644 9.7394 2.3405 2.704 2.695
16 10.144 10.331 10.1044 9.9094 10.5569 10.3789 2.337 2.7045 2.693
17 9.561 9.8 9.9354 9.6599 9.6644 9.4624 2.3375 2.706 2.693
18 9.943 9.816 9.9484 10.0564 9.6834 9.8299 2.3385 2.7065 2.6925
19 10.098 9.475 9.4609 10.1064 9.4884 10.0894 2.3385 2.7065 2.694
20 9.498 9.801 9.7659 9.4484 9.8354 9.5484 2.337 2.702 2.694
21 9.931 10.128 10.1959 9.9844 10.0594 9.8774 2.3385 2.7035 2.6965
22 10.042 9.5 9.4759 10.0194 9.5244 10.0639 2.3385 2.705 2.695
23 9.548 9.879 9.8649 9.5274 9.8939 9.5694 2.3385 2.703 2.693
24 9.488 10.1 10.1439 9.4994 10.0569 9.4769 2.3375 2.7035 2.694
25 9.596 10.4 10.3559 9.5559 10.4449 9.6354 2.3375 2.704 2.6915
26 9.995 9.265 9.2344 9.9684 9.2964 10.0224 2.3385 2.706 2.6935
27 9.555 9.851 9.8314 9.5144 9.8714 9.5954 2.3385 2.7065 2.6965
28 9.441 9.727 9.8424 9.5114 9.6114 9.3699 2.337 2.704 2.694
29 9.708 9.883 10.0134 9.8124 9.7519 9.6034 2.338 2.704 2.697
30 9.648 9.899 10.0739 9.8039 9.7239 9.4924 2.3395 2.7045 2.694
31 9.393 9.752 9.8329 9.4244 9.6704 9.3624 2.338 2.7015 2.695
32 9.715 9.677 9.7429 9.7549 9.6114 9.6759 2.338 2.703 2.695
33 10.043 9.787 9.7039 9.9564 9.8709 10.1304 2.3435 2.7045 2.6935
34 9.329 9.839 9.8949 9.3334 9.7829 9.3239 2.344 2.704 2.694
35 10.158 10.385 10.1764 9.9374 10.5944 10.3779 2.339 2.703 2.694
36 9.99 10.222 9.8774 9.5889 10.5664 10.3904 2.338 2.7065 2.6935
37 9.553 10.124 10.1469 9.5519 10.1004 9.5549 2.3375 2.7055 2.697
38 10.085 10.266 10.0099 9.8154 10.5229 10.3549 2.339 2.7025 2.694
39 10.125 10.277 9.9904 9.8229 10.5644 10.4264 2.337 2.705 2.6935
40 10.163 10.346 10.1204 9.9044 10.5719 10.4224 2.3385 2.704 2.694
41 9.567 9.742 9.7264 9.5379 9.7579 9.5954 2.3395 2.7065 2.692
42 10.226 9.553 9.6819 10.3489 9.4249 10.1034 2.3395 2.7065 2.6935
43 10.259 9.642 9.7049 10.3194 9.5794 10.1989 2.338 2.705 2.6925
44 9.921 9.966 10.2474 10.1664 9.6854 9.6749 2.338 2.706 2.6935
45 9.792 10.035 10.0754 9.8169 9.9954 9.7674 *2.3395 2.704 2.693
APPENDIX A HISTORICAL DATA SET CONT.
Battery Right Left 1 2 3 4 A B C
46 9.914 10.174 10.5784 10.3044 9.7694 9.5229 2.339 2.702 2.6945
47 9.883 9.808 9.9769 10.0329 9.6394 9.7329 2.3415 2.705 2.693
48 9.695 9.813 9.9369 9.7874 9.6894 9.6035 2.339 2.704 2.6955
49 9.837 10.164 10.4254 10.0939 9.9029 9.5809 2.3385 2.7045 2.6945
50 10.287 9.467 9.6424 10.4534 9.2914 10.1204 2.3385 2.7035 2.694
51 9.584 9.512 9.5039 9.5699 9.5209 9.5979 2.339 2.7055 2.6935
52 9.857 10.522 10.7494 10.0614 10.2954 9.6524 2.3415 2.7045 2.692
53 9.65 9.766 9.9379 9.8079 9.5944 9.4929 2.339 2.7025 2.6945
54 10.211 9.749 9.7994 10.2979 9.6979 10.1234 2.34 2.7035 2.6965
55 10.343 10.453 10.3939 10.2699 10.5119 10.4165 2.3395 2.7025 2.6945
56 9.714 9.599 9.7574 9.8729 9.4399 9.5559 2.3385 2.705 2.693
57 9.988 10.398 10.4049 9.9824 10.3904 9.9929 2.341 2.705 2.6945
58 9.561 9.702 9.8159 9.6554 9.5874 9.4669 2.3385 2.703 2.6935
59 10.145 9.774 9.6994 10.0674 9.8479 10.2229 2.34 2.7065 2.693
60 10.166 10.382 10.1454 9.9049 10.6179 10.4279 2.34 2.705 2.6945
61 10.04 9.348 9.2924 10.0054 9.4039 10.0754 2.34 2.7025 2.6965
62 10.187 9.698 9.7614 10.2599 9.6339 10.1139 2.3395 2.706 2.6955
63 10.041 10.816 10.8554 10.0424 10.7774 10.0404 2.338 2.7045 2.694
64 9.744 9.667 9.8484 9.9219 9.4854 9.5659 2.3385 2.7015 2.693
65 10.24 9.637 9.7314 10.3174 9.5429 10.1634 2.3375 2.702 2.692
66 10.214 9.928 10.0184 10.3189 9.8379 10.1094 2.3365 2.7015 2.6925
67 10.258 9.77 9.7919 10.2779 9.7489 10.2379 2.3395 2.7035 2.6925
68 10.145 10.352 10.1019 9.8824 10.6029 10.4079 2.3405 2.7055 2.6935
69 10.022 9.728 9.6349 9.9389 9.8209 10.1049 2.338 2.7035 2.693
70 10.352 10.006 10.1224 10.4814 9.8889 10.223 2.337 2.703 2.694
71 10.186 9.69 9.7029 10.2209 9.6769 10.1509 2.339 2.705 2.695
72 9.672 9.978 10.0914 9.7619 9.8639 9.5819 2.3395 2.7035 2.6965
73 9.657 9.946 10.2179 9.8934 9.6744 9.4204 2.339 2.704 2.6955
74 9.577 9.764 9.8535 9.6455 9.6745 9.509 2.337 2.7025 2.6935
75 9.768 9.704 9.8449 9.8959 9.5639 9.6409 2.3375 2.704 2.6945
76 10.225 10.512 10.3474 10.0509 10.6759 10.3999 2.3405 2.705 2.6945
77 9.943 9.466 9.3469 9.8139 9.5849 10.0724 2.338 2.7035 2.694
78 9.727 9.787 10.041 9.973 9.532 9.48 2.3395 2.7035 2.6965
79 10.131 9.835 9.864 10.1765 9.806 10.085 2.337 2.7035 2.6955
80 10.017 9.572 9.55 10.027 9.594 10.0065 2.338 2.704 2.696
81 10.067 9.418 9.402 10.071 9.433 10.063 2.339 2.702 2.694
82 10.156 10.221 10.031 9.965 10.41 10.3465 2.3375 2.7045 2.6955
83 9.536 9.539 9.606 9.5975 9.4725 9.4745 2.337 2.7015 2.6935
84 10.121 10.273 10.079 9.917 10.466 10.3255 2.3395 2.705 2.698
85 9.735 9.769 9.9855 9.9565 9.5525 9.514 2.3375 2.704 2.6925
86 9.647 9.672 9.7855 9.763 9.5575 9.531 2.3375 2.704 2.6925
87 9.851 9.384 9.5555 10.024 9.2115 9.6785 2.3395 2.7065 2.694
88 10.327 9.747 9.7555 10.397 9.7385 10.257 2.3375 2.7055 2.693
89 10.089 9.884 9.8895 10.0875 9.8785 10.09 2.3375 2.7035 2.6915
90 9.799 9.579 9.7155 9.908 9.443 9.69 2.339 2.705 2.6965
APPENDIX A HISTORICAL DATA SET CONT.
Battery Right Left 1 2 3 4 A B C
91 9.825 9.378 9.464 9.8905 9.2925 9.7595 2.337 2.705 2.6925
92 10.06 9.598 9.6505 10.1105 9.546 10.01 2.338 2.704 2.694
93 9.932 9.609 9.5275 9.8595 9.69 10.004 2.3385 2.7035 2.693
94 10.082 10.244 10.499 10.34 9.9895 9.823 2.3385 2.7055 2.6945
95 9.852 9.975 10.135 10.05 9.8155 9.654 2.3385 2.7055 2.6955
96 9.885 9.552 9.649 9.9755 9.454 9.795 2.338 2.7025 2.693
97 9.669 9.679 9.6855 9.679 9.673 9.6585 2.34 2.7025 2.6935
98 10.194 10.477 10.4065 10.087 10.5465 10.3015 2.3385 2.7055 2.6955
99 9.795 10.113 10.3485 9.978 9.878 9.612 2.3375 2.7015 2.6945
100 10.206 9.897 9.968 10.269 9.825 10.143 2.3365 2.7015 2.693
101 9.39 9.479 9.5895 9.4815 9.369 9.2975 2.337 2.7035 2.6945
102 10.048 10.204 9.93 9.753 10.4775 10.342 2.3375 2.7015 2.692
103 10.158 10.345 10.1975 9.9815 10.493 10.3335 2.3385 2.703 2.696
104 9.783 9.781 9.9575 9.9505 9.604 9.615 2.3365 2.7025 2.6915
105 9.856 9.691 9.909 10.065 9.473 9.6465 2.3385 2.7055 2.6935
106 9.802 9.806 9.9995 9.9905 9.612 9.6135 2.34 2.7015 2.693
107 9.348 9.376 9.3665 9.3225 9.385 9.3725 2.3415 2.703 2.693
108 10.134 10.356 10.1945 9.931 10.5165 10.3365 2.3365 2.7025 2.6935
109 9.675 9.664 9.792 9.791 9.535 9.5595 2.3375 2.7045 2.6945
110 10.211 9.823 9.8765 10.2775 9.7695 10.145 2.3365 2.7015 2.693
111 10.075 9.725 9.6775 10.0485 9.772 10.101 2.337 2.7035 2.6915
112 10.091 9.298 9.4295 10.235 9.167 9.9475 2.339 2.7035 2.694
113 9.714 9.789 9.903 9.815 9.6745 9.613 2.3385 2.707 2.693
114 10.029 9.267 9.3135 10.071 9.221 9.9875 2.338 2.703 2.693
115 9.506 9.748 9.8275 9.659 9.6675 9.353 2.3375 2.7045 2.695
116 9.683 10.055 10.186 9.8075 9.923 9.558 2.34 2.7065 2.6925
117 9.949 9.738 9.9645 10.1725 9.5105 9.7255 2.3395 2.7055 2.6925
118 10.104 10.266 10.035 9.8495 10.4965 10.3585 2.337 2.7025 2.693
119 10.199 10.425 10.2105 9.975 10.6395 10.423 2.34 2.704 2.693
120 9.721 10.158 10.3515 9.865 9.965 9.576 2.3385 2.7035 2.6935
121 9.715 9.484 9.7135 9.947 9.255 9.482 2.3375 2.703 2.6915
122 10.226 10.312 10.1685 10.067 10.456 10.384 2.338 2.706 2.6925
123 10.137 9.812 9.7665 10.0855 9.857 10.1885 2.3375 2.705 2.693
124 9.775 9.728 9.8215 9.8735 9.6335 9.677 2.341 2.7045 2.6945
125 9.941 10.125 10.2095 10.0545 10.04 9.8265 2.338 2.7055 2.6955
126 10.172 9.81 9.842 10.214 9.7785 10.129 2.338 2.7025 2.6925
127 10.281 10.429 10.3175 10.151 10.541 10.411 2.337 2.7025 2.6945
128 10.167 10.398 10.2475 9.9855 10.549 10.3485 2.336 2.703 2.6935
129 10.215 10.332 10.1405 10.028 10.523 10.4025 2.3385 2.706 2.6925
130 10.236 10.297 10.068 10.008 10.5265 10.463 2.339 2.705 2.6935
131 9.947 10.064 10.2975 10.1285 9.8295 9.7645 2.3395 2.704 2.6945
132 10.153 10.222 10.0405 9.9585 10.404 10.348 2.339 2.703 2.693
133 9.707 9.598 9.7295 9.8505 9.4655 9.564 2.338 2.7055 2.6945
134 9.623 9.631 9.56 9.5435 9.702 9.7015 2.3385 2.704 2.6925
135 10.066 9.943 10.109 10.434 9.7775 9.698 2.338 2.7045 2.6965
APPENDIX A HISTORICAL DATA SET CONT.
Battery Right Left 1 2 3 4 A B C
136 9.687 9.886 9.9155 9.6945 9.8555 9.68 2.338 2.705 2.6935
137 10.217 10.34 10.164 10.039 10.5165 10.395 2.339 2.705 2.6925
138 9.438 9.626 9.7235 9.5215 9.5286 9.3535 2.3385 2.706 2.695
139 9.643 10.065 10.133 9.6885 9.996 9.5975 2.338 2.703 2.692
140 9.869 9.552 9.7635 10.0715 9.341 9.667 2.339 2.705 2.697
141 10.098 9.852 9.8595 10.093 9.8435 10.1035 2.3395 2.7025 2.6925
142 9.951 10.088 10.294 10.144 9.8815 9.758 2.3385 2.7085 2.6945
143 9.775 9.916 10.246 10.086 9.585 9.463 2.3395 2.704 2.692
144 10.113 10.281 10.007 9.8175 10.554 10.409 2.3375 2.702 2.694
145 9.447 9.824 9.86 9.423 9.787 9.4715 2.3385 2.7035 2.695
146 10.093 9.705 9.707 10.0935 9.702 10.093 2.338 2.705 2.6935
147 9.786 10.484 10.433 9.6955 10.535 9.876 2.338 2.705 2.693
148 10.111 9.92 9.8835 10.0945 9.956 10.127 2.3415 2.705 2.6955
149 9.944 10.045 10.415 10.3015 9.674 9.5855 2.3375 2.7035 2.693
150 9.522 9.847 9.776 9.5005 9.918 9.5435 2.3375 2.7045 2.6935
151 9.731 10.051 10.2415 9.8775 9.8605 9.5845 2.339 2.7085 2.695
152 9.899 9.888 10.034 10.04 9.741 9.758 2.3395 2.7055 2.695
153 9.95 9.786 9.836 10.127 9.736 9.772 2.3385 2.706 2.695
154 9.952 9.915 9.9635 10.0225 9.8665 9.881 2.3375 2.704 2.6915
155 10.031 9.781 9.7445 10.0085 9.817 10.054 2.337 2.7025 2.6935
156 9.842 9.885 9.921 9.8515 9.849 9.8315 2.339 2.7025 2.6945
157 10.254 10.462 10.294 10.0655 10.63 10.442 2.338 2.702 2.694
158 10.046 10.237 9.992 9.7905 10.4815 10.301 2.3395 2.705 2.694
159 9.792 9.865 10.02 9.933 9.7105 9.65 2.337 2.7015 2.6925
160 9.54 9.597 9.6029 9.5314 9.5919 9.5479 2.3395 2.7025 2.693
161 9.751 9.945 10.049 9.8425 9.84 9.66 2.3395 2.706 2.6935
162 10.459 9.899 10.18 10.739 9.6185 10.1795 2.337 2.702 2.693
163 10.019 9.767 9.785 10.0175 9.748 10.021 2.337 2.701 2.6925
164 10.096 10.317 10.066 9.8285 10.567 10.3625 2.3385 2.7035 2.693
165 10.011 9.549 9.585 10.0495 9.5135 9.9725 2.3435 2.7045 2.6955
166 9.422 9.478 9.4685 9.4025 9.488 9.441 2.3375 2.701 2.692
167 9.845 9.987 10.1005 9.955 9.873 9.735 2.3415 2.7075 2.695
168 10.165 9.805 9.838 10.2085 9.7715 10.1215 2.3385 2.7045 2.6925
169 10.24 9.731 9.8065 10.3275 9.6545 10.152 2.338 2.704 2.6945
170 10.149 10.357 10.161 9.9325 10.553 10.3645 2.337 2.703 2.692
171 9.675 9.964 10.1 9.763 9.8285 9.587 2.337 2.703 2.6915
172 9.562 10.134 10.177 9.5985 10.0905 9.5255 2.338 2.7005 2.7015
173 10.235 9.638 9.8255 10.3945 9.4495 10.0745 2.338 2.7015 2.6915
174 10.179 9.616 9.6445 10.23 9.587 10.128 2.3385 2.704 2.6925
175 9.77 9.649 9.8555 9.967 9.442 9.572 2.337 2.702 2.693
176 9.916 9.832 9.9675 10.038 9.6955 9.7935 2.338 2.7045 2.695
177 9.675 9.908 10.0255 9.7695 9.791 9.5795 2.3385 2.704 2.6955
178 10.031 10.206 9.9535 9.7635 10.4575 10.2975 2.34 2.7045 2.694
179 9.834 9.683 9.714 10.0575 9.652 9.611 2.342 2.706 2.6965
180 9.831 9.867 10.0465 9.986 9.688 9.6765 2.3375 2.704 2.6925
100
APPENDIX A HISTORICAL DATA SET CONT.
Battery Right Left 1 2 3 4 A B C
181 10.287 9.921 10.0175 10.381 9.825 10.1925 2.3375 2.705 2.6945
182 10.121 9.834 9.7955 10.1035 9.8715 10.139 2.339 2.707 2.693
183 10.228 9.692 9.742 10.2875 9.6425 10.1675 2.338 2.703 2.6925
184 9.602 9.812 9.7825 9.547 9.8405 9.656 2.3375 2.7065 2.6935
185 10.3 10.436 10.324 10.17 10.5475 10.4295 2.3375 2.7035 2.6945
186 9.562 9.912 10.0775 9.716 9.746 9.407 2.337 2.705 2.6925
187 9.436 9.481 9.501 9.449 9.461 9.4235 2.3385 2.7025 2.6925
188 10.085 10.271 10.061 9.832 10.48 10.337 2.339 2.705 2.6925
189 9.718 9.721 9.83 9.824 9.6115 9.612 2.3395 2.702 2.6895
190 9.719 9.741 9.936 9.835 9.546 9.603 2.3385 2.7045 2.6955
191 9.717 9.858 9.909 9.7625 9.807 9.6715 2.338 2.706 2.696
192 9.716 9.557 9.7075 9.849 9.407 9.5825 2.3375 2.706 2.693
193 10.013 9.982 10.2185 10.2225 9.7455 9.804 2.3385 2.7025 2.694
194 10.14 9.359 9.459 10.2545 9.2585 10.0255 2.3365 2.702 2.692
195 10.171 10.376 10.2015 9.9575 10.55 10.385 2.336 2.701 2.6935
196 10.159 9.689 9.843 10.2735 9.534 10.0445 2.3425 2.7025 2.6945
197 10.153 9.634 9.749 10.291 9.519 10.014 2.336 2.7015 2.692
198 9.755 9.91 10.1375 9.9735 9.683 9.537 2.339 2.7075 2.6935
199 10.13 9.936 9.9045 10.0995 9.9665 10.1605 2.3375 2.704 2.696
200 9.881 9.672 10.0015 10.19 9.343 9.5715 2.3375 2.7015 2.6945
201 9.858 9.838 10.109 10.1135 9.5675 9.6015 2.336 2.702 2.6925
202 10.16 9.721 9.759 10.214 9.682 10.105 2.3385 2.704 2.6915
203 9.905 10.119 10.464 10.2525 9.7745 9.558 2.3375 2.704 2.6955
204 10.038 9.304 9.349 10.0575 9.2585 10.0185 2.3365 2.701 2.692
205 10.24 9.846 9.9 10.318 9.7915 10.1625 2.338 2.7055 2.6945
206 10.059 10.094 10.3465 10.3055 9.841 9.812 2.3375 2.7055 2.695
207 10.329 10.218 10.2725 10.4005 10.1635 10.2575 2.335 2.7025 2.6945
208 10.109 10.245 10.0065 9.867 10.483 10.35 2.3375 2.704 2.694
209 9.734 10.251 10.241 9.692 10.261 9.7765 2.337 2.7005 2.693
210 9.881 9.955 10.1535 10.0915 9.7555 9.6695 2.3375 2.7025 2.6935
211 9.719 9.779 9.908 9.8475 9.6495 9.5895 2.3365 2.7015 2.694
212 9.77 10.219 10.438 9.9615 9.9995 9.5775 2.34 2.703 2.6945
213 10.175 10.148 10.1215 10.1485 10.1735 10.202 2.338 2.7075 2.6965
214 9.693 9.839 9.928 9.757 9.75 9.629 2.3375 2.7025 2.6955
215 10.149 9.702 9.7885 10.2435 9.615 10.054 2.339 2.7025 2.6925
216 9.732 9.423 9.5865 9.8895 9.2595 9.574 2.337 2.702 2.6935
217 9.748 9.522 9.6795 9.887 9.3635 9.608 2.34 2.7035 2.6955
218 10.212 9.586 9.677 10.294 9.4955 10.13 2.341 2.702 2.693
219 10.171 9.554 9.6955 10.3305 9.4115 10.012 2.3365 2.701 2.6925
220 10.192 9.841 10.041 10.3515 9.64 10.032 2.344 2.7045 2.696
221 10.276 10.371 10.2355 10.122 10.5055 10.43 2.3395 2.704 2.695
222 10.071 9.751 9.7865 10.1065 9.7155 10.035 2.3365 2.701 2.6925
223 10.14 9.529 9.6645 10.275 9.393 10.004 2.3365 2.702 2.696
224 9.993 9.74 9.705 9.9525 9.7755 10.034 2.339 2.702 2.693
225 9.786 9.557 9.676 9.8725 9.437 9.6995 2.3375 2.7025 2.695
101
APPENDIX A HISTORICAL DATA SET CONT.
Battery Right Left 1 2 3 4 A B C
226 10.095 10.319 10.11 9.864 10.527 10.326 2.347 2.7015 2.693
227 10.117 9.695 9.7885 10.2145 9.6005 10.0195 2.3365 2.7015 2.6925
228 9.765 9.837 10.0985 9.9865 9.5745 9.5435 2.337 2.701 2.6925
229 9.653 9.913 9.9305 9.64 9.895 9.666 2.3435 2.701 2.695
230 9.774 9.826 9.9815 9.907 9.67 9.641 2.3385 2.7025 2.6955
231 10.166 9.728 9.805 10.243 9.651 10.089 2.3395 2.702 2.694
232 10.278 10.017 10.156 10.4075 9.8775 10.148 2.337 2.704 2.695
233 10.276 10.386 10.26 10.1325 10.5125 10.4185 2.3405 2.7035 2.694
234 9.668 9.751 9.918 9.8285 9.5835 9.508 2.3385 2.702 2.694
235 10.079 10.269 10.044 9.83 10.4935 10.3275 2.338 2.7025 2.6935
236 10.037 10.222 9.975 9.776 10.469 10.297 2.3365 2.701 2.6935
237 9.796 9.832 9.892 9.846 9.772 9.746 2.338 2.7045 2.695
238 9.899 9.679 9.894 10.1055 9.463 9.692 2.3365 2.702 2.6925
239 10.13 9.859 9.9855 10.244 9.732 10.016 2.338 2.706 2.695
240 10.376 10.134 10.3 10.5315 9.967 10.22 2.3385 2.705 2.695
241 10.214 10.42 10.3355 10.1155 10.505 10.313 2.3365 2.7025 2.693
242 9.597 9.861 9.994 9.737 9.7285 9.4575 2.337 2.71 2.695
243 10.197 10.172 10.2935 10.2845 10.0495 10.109 2.337 2.7055 2.6935
244 9.499 9.591 9.7715 9.649 9.411 9.3495 2.341 2.705 2.696
245 10.055 9.922 9.953 10.0805 9.89 10.029 2.3385 2.703 2.6935
246 9.669 9.768 9.8945 9.776 9.6405 9.561 2.3395 2.7035 2.6935
247 9.567 9.732 9.8145 9.6485 9.6495 9.486 2.338 2.705 2.6945
248 10.132 9.716 9.79 10.223 9.6415 10.0405 2.3375 2.703 2.694
249 9.432 9.996 10.034 9.456 9.9575 9.408 2.3415 2.7095 2.6955
250 9.906 10.01 10.2155 10.086 9.8045 9.725 2.337 2.7035 2.6945
251 9.792 9.577 9.907 9.8745 9.2474 9.7085 2.338 2.702 2.6955
252 9.654 10.022 10.2955 9.854 9.7485 9.453 2.338 2.7025 2.6945
253 9.689 9.808 9.981 9.836 9.6355 9.541 2.339 2.7055 2.6945
254 10.097 10.267 10.1615 9.963 10.3725 10.2305 2.3385 2.7035 2.6965
255 10.173 10.361 10.259 10.0585 10.463 10.287 2.3385 2.7035 2.695
256 9.715 10.297 10.4985 9.811 10.0955 9.6185 2.3385 2.705 2.695
257 10.23 9.932 10.003 10.3255 9.8605 10.1335 2.3365 2.703 2.6925
258 10.154 10.308 10.16 10.009 10.455 10.299 2.3385 2.7045 2.696
259 9.835 9.929 10.1225 10.0275 9.7355 9.6425 2.3385 2.704 2.695
260 9.81 9.628 9.9215 10.127 9.3335 9.492 2.337 2.703 2.695
261 10.058 9.719 9.7735 10.1195 9.665 9.997 2.338 2.7035 2.695
262 9.691 9.874 10.0735 9.8555 9.674 9.527 2.3385 2.703 2.696
263 10.127 10.117 10.0855 10.0835 10.148 10.1705 2.3385 2.709 2.6935
264 9.943 10.057 10.377 10.26 9.7375 9.626 2.338 2.704 2.6945
265 9.763 9.781 9.919 9.8655 9.6425 9.66 2.3385 2.704 2.6935
266 10.154 9.461 9.5725 10.2885 9.349 10.0195 2.337 2.7015 2.693
267 10.214 10.388 10.3 10.116 10.475 10.312 2.341 2.7075 2.694
102
APPENDIX A HISTORICAL DATA SET CONT.
Battery Ave. Housing Cover F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14
1 2.5795 1 1 0 1 0 1 0 1 1 0 0 0 0 0 0 1
2 2.5808 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
3 2.5782 1 1 1 0 0 1 0 1 1 0 0 0 0 0 0 1
4 2.578 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
5 2.5823 1 2 1 0 0 1 0. 1 0 0 0 0 0 0 1
6 2.5797 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
7 2.5793 1 2 0 0 0 0 0 1 1 0 1 1 0 0 0 1
8 2.5795 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
9 2.5802 1 2 1 0 0 0 0 1 1 0 0 1 0 0 0 1
10 2.577 1 1 1 1 0 0 0 1 1 0 0 0 0 0 0 1
11 2.5793 1 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
12 2.5797 1 2 1 0 0 0 0 1 1 0 0 1 0 0 0 1
13 2.5783 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
14 2.5777 1 1 1 0 0 1 0 1 1 0 0 0 0 0 0 1
15 2.5798 1 2 1 0 0 0 0 1 1 1 0 1 0 0 0 1
16 2.5782 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
17 2.5788 1 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
18 2.5792 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
19 2.5797 1 2 0 0 0 0 0 1 1 1. 1 0 0 0 1
20 2.5777 11 1 0 0 0 0 0 1 1 0 0 0 0 0 1
21 2.5795 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
22 2.5795 1 2 0 0 0 0 0 1 1. 1 1 0 0 0 1
23 2.5782 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
24 2.5783 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
25 2.5777 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
26 2.5793 1 2 0 0 0 0 0 1 1 0 1 1 0 0 0 1
27 2.5805 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
28 2.5783 11 1 0 0 0 1 0 1 1 0 0 0 0 0 0 1
29 2.5797 11 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
30 2.5793 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
31 2.5782 11 1 1 1 0 0 0 1 1 0 0 0 0 0 0 1
32 2.5787 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
33 2.5805 11 1 1 1 0 0 0 1 1 0 0 0 0 0 0 1
34 2.5807 1 2 0 0 0 0 0 1 1 0 0 1 1 0 0.
35 2.5787 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
36 2.5793 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
37 2.58 11 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
38 2.5785 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
39 2.5785 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
40 2.5788 1 2 1 0 0 0 1 0 1 0 0 0 0 0 0 1
41 2.5793 1 1 1 0 0 1 0 1 1 0 0 0 0 0 0 1
42 2.5798 1 2 0 0 0 0 0 1 1 0 0 1 0 0 0 1
43 2.5785 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
44 2.5792 1 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
45 2.5788 1 1 1 1 0 0 0 1 1 0 0 0 0 0 0 1
103
APPENDIX A HISTORICAL DATA SET CONT.
Battery Ave. Housing Cover F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14
46 2.5785 11 1 1 0 1 0 0 1 1 0 0 0 0 0 0 1
47 2.5798 1 2 0 0 0 0 0 1 1 0 0 1 0 0 0 1
48 2.5795 11 2 1 0 0 0 0 1 1 0 0 1 0 0 0 1
49 2.5792 11 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
50 2.5787 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
51 2.5793 1 2 0 0 0 0 0 1 1 0 1 1 0 0 0 1
52 2.5793 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
53 2.5787 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
54 2.58 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
55 2.5788 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
56 2.5788 11 1 1 0 0 1 0 1 1 0 0 0 0 0 0 1
57 2.5802 11 2 0 0 0 0 0 1 1 0 1 0 0 0 0 1
58 2.5783 1 1 1 0 0 1 0 1 1 0 0 0 0 0 0 1
59 2.5798 1 2 1 0 0 0 0 1 1 1 0 0 0 0 0 1
60 2.5798 1 2 0 0 0 0 0 1 1 0 0 1 0 0 0 1
61 2.5797 11 1 0 1 0 0 0 1 1 0 0 0 0 0 0 1
62 2.5803 1 2 0 0 0 0 0. 1 0 0 0 0 0 1 1
63 2.5788 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
64 2.5777 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
65 2.5772 1 1 1 0 0 1 0 1 1 0 0 0 0 0 0 1
66 2.5768 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
67 2.5785 1 2 0 0 0 0 0 1 1 0 0 1 0 0 0 1
68 2.5798 1 2 0 0 0 0 0 1 1 0 0 1 0 0 0 1
69 2.5782 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
70 2.578 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
71 2.5797 1 2 0 0 0 0 0 1 1 1 0 0 0 0 0 1
72 2.5798 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
73 2.5795 11 2 0 0 0 0 0 1 1 0 0 1 0 0 0 1
74 2.5777 11 1 1 1 0 0 0 1 1 0 0 0 0 0 0 1
75 2.5787 1 2 1 0 0 0 0 1 1 1 0 1 0 0 0 1
76 2.58 1 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
77 2.5785 1 1 1 0 0 1 0 1 1 0 0 0 0 0 1
78 2.5798 11 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
79 2.5787 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
80 2.5793 11 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
81 2.5783 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
82 2.5792 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
83 2.5773 11 1 1 1 0 0 0 1 1 0 0 0 0 0 0 1
84 2.5808 1 2 0 0 0 0 0 1 1 0 0 1 0 0 0 1
85 2.578 1 1 1 0 00 0 1 1 0 0 0 0 0 1
86 2.578 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
87 2.58 1 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
88 2.5787 11 2 0 0 0 0 0 1 1 0 0 1 0 0 0 1
89 2.5775 1 1 1 0 1 0 0 1 1 0 0 0 0 0 0 1
90 2.5802 1 2 0 0 0 0 0 1 1 0 1 1 0 0 0 1
104
APPENDIX A HISTORICAL DATA SET CONT.
Battery Ave. Housing Cover Fl F2 F3 F4 F5 F6 F7 F8 F9 F10 Fll F12 F13 F14
91 2.5782 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
92 2.5787 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
93 2.5783 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
94 2.5795 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
95 2.5798 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
96 2.5778 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
97 2.5787 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
98 2.5798 1 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
99 2.5778 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
100 2.577 11 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
101 2.5783 1 2 0 0 0 0 0 1 1 1 0 1 0 0 0 1
102 2.577 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
103 2.5792 1 2 0 0 0 0 0 1 1 0 0 1 0 0 0 1
104 2.5768 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
105 2.5792 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
106 2.5782 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
107 2.5792 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
108 2.5775 1 1 1 0 0 0 0 1 1 0 0 0 0 0 1 1
109 2.5788 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
110 2.577 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
111 2.5773 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
112 2.5788 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
113 2.5795 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
114 2.578 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
115 2.579 1 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
116 2.5797 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
117 2.5792 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
118 2.5775 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
119 2.579 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
120 2.5785 1 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
121 2.5773 1 1 1 0 0 1 0 1 1 0 0 0 0 0 0 1
122 2.5788 1 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
123 2.5785 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
124 2.58 1 2 0 0 0 0 0 1 1 0 0 1 0 0 0 1
125 2.5797 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
126 2.5777 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
127 2.578 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
128 2.5775 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
129 2.579 1 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
130 2.5792 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
131 2.5793 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
132 2.5783 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
133 2.5793 1 2 1 0 0 0 0 1 1 1 0 1 0 0 0 1
134 2.5783 1 1 1 1 0 0 0 1 1 0 0 0 0 0 0 1
135 2.5797 1 1 1 0 1 0 0 1 1 0 0 0 0 0 0 1
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Battery Ave. Housing Cover F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 Fll F12 F13 F14
136 2.5788 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
137 2.5788 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
138 2.5798 1 2 1 0 0 0 0 1 1 0 1 0 0 0 0 1
139 2.5777 1 1 1 0 1 0 0 1 1 0 0 0 0 0 0 1
140 2.5803 1 2 0 0 0 0 0 1 1 0 1 1 1 0 0 1
141 2.5782 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
142 2.5805 1 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
143 2.5785 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
144 2.5778 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
145 2.579 1 2 1 0 0 0 0 1 1 1 0 0 0 0 0 1
146 2.5788 1 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
147 2.5787 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
148 2.5807 1 2 1 0 0 0 0 1 1 1 1 1 0 0 0 1
149 2.578 1 1 1 1 1 1 0 1 1 0 0 0 0 0 0 1
150 2.5785 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
151 2.5808 1 2 1 0 0 0 0 1 1 0 1 1 0 0 0 1
152 2.58 1 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
153 2.5798 1 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
154 2.5777 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
155 2.5777 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
156 2.5787 1 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
157 2.578 1 1 1 0 0 0 0 1 1 0 0 0 0 1 0 1
158 2.5795 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
159 2.577 1 1 0 0 0 0 1 1 1 0 0 0 0 0 0 1
160 2.5783 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
161 2.5797 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
162 2.5773 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
163 2.5768 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
164 2.5783 1 2 0 0 0 0 0 1 1 1 0 0 .0 0 0 1
165 2.5812 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
166 2.5768 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
167 2.5813 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
168 2.5785 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
169 2.5788 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
170 2.5773 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
171 2.5772 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
172 2.58 1 1 1 0 1 0 0 1 1 0 0 1 0 0 1 1
173 2.577 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
174 2.5783 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
175 2.5773 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
176 2.5792 1 2 0 0 0 0 0 1 1 0 1 1 0 0 0 1
177 2.5793 1 2 0 0 0 0 0 1 1 0 1 1 0 0 0 1
178 2.5795 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
179 2.5815 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
180 2.578 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
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Battery Ave. Housing Cover F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14
181 2.579 1 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
182 2.5797 1 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
183 2.5778 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
184 2.5792 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
185 2.5785 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
186 2.5782 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
187 2.5778 1 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
188 2.5788 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
189 2.577 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
190 2.5795 11 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
191 2.58 1 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
192 2.5788 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
193 2.5783 1 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
194 2.5768 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
195 2.5768 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
196 2.5798 11 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
197 2.5765 11 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
198 2.58 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
199 2.5792 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
200 2.5778 11 2 0 0 0 0 0 1 1 0 0 0 0 0 1 1
201 2.5768 11 1 1 0 0 0 0 1 1 0 0 0 0 0 1 1
202 2.578 11 1 0 0 0 0 0 1 1 0 0 0 0 0 1 1
203 2.579 11 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
204 2.5765 11 1 1 0 0 0 0 1 1 0 0 0 0 0 1 1
205 2.5793 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
206 2.5793 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
207 2.5773 11 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
208 2.5785 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
209 2.5768 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
210 2.5778 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
211 2.5773 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
212 2.5792 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
213 2.5807 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
214 2.5785 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
215 2.578 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
216 2.5775 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
217 2.5797 11 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
218 2.5787 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
219 2.5767 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
220 2.5815 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
221 2.5795 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
222 2.5767 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
223 2.5782 11 2 0 0 0 0 0 1 1 1 0 0 0 0 0 1
224 2.578 11 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
225 2.5783 11 2 1 0 0 0 0 1 1 1 0 0 0 0 0 1
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Battery Ave. Housing Cover F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14
226 2.5805 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
227 2.5768 11 1 1 1 0 0 0 1 1 0 0 0 0 0 0 1
228 2.5768 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
229 2.5798 11 2 0 0 0 0 0 1 1 0 0 0 0 0 1 1
230 2.5788 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
231 2.5785 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
232 2.5787 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
233 2.5793 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
234 2.5782 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
235 2.578 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
236 2.577 11 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
237 2.5792 11 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
238 2.577 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
239 2.5797 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
240 2.5795 11 2 0 0 0 0 0 1 1 1 0 0 0 0 0 1
241 2.5773 11 1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
242 2.5807 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
243 2.5787 11 1 1 1 0 0 0 1 1 0 0 0 0 0 0 1
244 2.5807 11 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
245 2.5783 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
246 2.5788 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
247 2.5792 11 2 0 0 0 0 0 1 1 00 0 0 0 0 1
248 2.5782 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
249 2.5822 11 2 0 0 0 0 0 1 1 0 0 1 0 0 0 1
250 2.5783 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
251 2.5785 11 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
252 2.5783 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
253 2.5797 11 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
254 2.5795 11 2 0 0 0 0 0 1 1 0 0 1 0 0 0 1
255 2.579 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
256 2.5795 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
257 2.5773 11 1 1 1 0 0 0 1 1 0 0 0 0 0 0 1
258 2.5797 11 2 1 0 0 0 0 1 1 0 0 1 1 0 0 1
259 2.5792 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
260 2.5783 11 1 1 1 0 0 0 1 1 0 0 0 0 0 0 1
261 2.5788 11 2 1 0 0 0 0 1 1 0 0 0 0 0 0 1
262 2.5792 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
263 2.5803 11 1 1 1 0 0 0 1 1 0 0 0 0 0 0 1
264 2.5788 11 2 1 0 0 0 0 1 1 1 0 0 0 0 0 1
265 2.5787 11 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
266 2.5772 11 1 1 0 1 0 0 1 1 0 0 0 0 0 0 1
267 2.5808 11 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1
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Battery B1 B2 B3 B4 B5 B6 B7 B8 B9 810 B11 B12 B13 814
1 0 0 0 1 1 0 1 1 0 0 0 0 0 1
2 1 0 1 1 0 0 1 1 0 1 0 0 0 1
3 1 0 0 0 0 0 1 0 0 0 0 0 0 1
4 0 0 0 0 0 0 1 0 0 0 0 0 0 1
5 1 0 0 1 0 0 1 0 1 0 1 0 0 1
6 1 0 0 1 0 0 1 1 0 0 1 0 0 1
7 1 0 0 1 0 0 1 1 1 0 1 0 0 1
8 0 0 0 0 0 0 1 0 0 0 1 0 0 1
9 1 0 0 1 0 0 1 1 1 0 1 0 0 1
10 1 0 0 0 0 0 1 0 0 0 0 0 0 1
11 1 0 1 1 0 0 1 1 0 1 1 0 0 1
12 0 0 1 1 1 0 1 1 1 0 1 0 0 1
13 0 0 1 1 1 0 1 0 0 0 0 0 0 1
14 0 0 1 0 0 0 1 0 0 0 0 0 0 1
15 1 0 0 1 0 0 1 1 1 0 1 0 0 1
16 0 0 0 0 0 0 0 0 0 0 0 0 0 1
17 1 0 0 1 0 0 1 1 0 0 1 0 0 1
18 1 0 1 0 0 0 1 0 0 0 1 0 0 1
19 1 0 0 1 0 0 1 1 1 0 1 0 0 1
20 1 0 0 1 0 0 1 1 0 0 0 0 0 1
21 1 0 0 1 0 0 1 1 1 0 0 0 0 1
22 1 0 0 1 0 1 1 1 0 0 0 0 0 1
23 1 0 0 1 0 0 1 0 1 0 0 0 0 1
24 1 0 1 1 0 0 1 0 1 1 0 0 0 1
25 0 0 0 0 1 0 1 0 0 1 0 0 0 1
26 1 0 0 1 0 0 1 1 1 1 1 0 0 1
27 1 0 0 1 0 0 1 0 1 0 1 1 0 1
28 0 0 1 1 0 0 1 0 0 0 0 0 0 1
29 1 0 1 1 1 0 1 1 0 0 1 0 0 1
30 1 0 0 1 0 0 1 1 1 0 1 0 0 1
31 0 0 0 1 0 0 1 0 0 1 0 0 0 1
32 0 0 0 1 0 0 1 0 0 0 1 0 0 1
33 1 0 0 1 0 0 1 0 0 0 0 0 0 1
34 1 0 0 1 0 0 1 1 0 0 1 0 0 1
35 1 0 0 0 1 0 1 0 0 1 0 0 0 1
36 0 0 0 0 0 0 1 0 0 0 0 0 0 1
37 1 0 1 1 0 0 1 1 1 1 1 0 0 1
38 1 0 0 0 0 0 1 0 0 0 0 0 0 1
39 1 0 0 0 1 0 1 1 0 1 0 0 0 1
40 0 0 0 1 1 0 1 1 1 0 1 0 0 1
41 0 0 1 0 0 0 1 0 0 0 0 0 0 1
42 1 0 0 0 0 0 1 1 1 1 0 0 0 1
43 0 0 0 0 0 1 1 1 0 0 0 0 0 1
44 1 0 0 1 0 0 1 1 0 0 1 0 0 1
45 1 0 0 1 1 0 1 1 0 0 0 0 0 1
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Battery B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14
46 0 0 1 0 0 0 1 0 0 0 0 0 0 1
47 1 0 1 1 0 0 1 1 1 0 1 0 0 1
48 1 0 1 1 0 0 1 1 0 1 0 0 0 1
49 0 0 0 0 0 0 1 1 1 1 1 0 0 1
50 1 0 0 1 0 0 1 0 1 0 0 0 0 1
51 1 0 0 1 0 0 1 1 1 1 1 0 0 1
52 0 0 1 0 1 0 1 0 0 0 0 0 0 1
53 0 0 0 1 1 0 1 0 0 0 0 0 0 1
54 1 0 0 1 0 0 1 1 1 0 1 0 0 1
55 0 0 0 0 0 0 1 0 0 0 0 0 0 1
56 0 0 0 1 0 0 1 0 0 0 0 0 0.
57 1 0 0 1 0 0 1 1 0 0 0 0 0 1
58 1 0 0 0 0 0 1 0 0 0 0 0 0 1
59 1 0 1 1 1 0 1 1 0 0 0 0 0 1
60 1 0 1 1 0 0 1 1 1 0 0 0 0 1
61 0 0 0 0 0 0 1 0 0 0 0 0 0 1
62 1 0 1 1 0 0 1 1 1 1 0 0 0 1
63 0 0 0 0 1 0 1 1 0 1 1 0 0 1
64 0 0 0 0 0 0 1 0 0 1 1 0 0 1
65 0 0 0 0 1 0 1 0 0 0 0 0 0 1
66 0 0 1 0 1 0 1 0 0 1 0 0 0 1
67 1 0 1 1 0 0 1 1 1 1 1 0 0 1
68 1 0 0 1 0 0 1 1 1 1 1 0 0 1
69 0 0 0 1 1 0 1 0 0 1 0 0 0 1
70 0 0 1 0 1 0 1 0 0 1 0 0 0 1
71 1 0 1 1 0 0 1 1 0 0 1 0 0 1
72 1 0 0 1 0 0 1 1 0 0 0 0 0 1
73 0 0 0 1 0 0 1 1 0 0 1 0 0 1
74 1 0 0 0 0 0 1 0 0 0 0 0 0 1
75 1 0 1 1 0 0 1 1 1 0 0 0 0 1
76 1 0 0 0 0 0 1 1 0 0 1 0 0 1
77 1 0 0 1 1 0 1 0 1 1 0 0 0 1
78 0 0 0 0 0 0 1 0 0 0 0 0 0 1
79 1 0 1,. 1 0 1 0 0 1 0 0 0 1
80 1 0 1 1 0 0 1 0 0 0 1 0 0 1
81 0 0 0 0 0 0 1 0 0 0 0 0 0 1
82 1 0 0 1 0 0 1 1 0 0 1 0 0 1
83 0 0 0 1 1 0 1 1 0 0 0 0 0 1
84 1 0 1 0 0 0 1 1 1 0 1 0 0 1
85 0 0 0 0 0 0 1 0 0 0 0 1 0 1
86 1 0 0 0 1 0 1 0 0 0 0 0 0 1
87 1 0 0 1 0 0 1 0 0 0 1 0 0 1
88 1 0 0 1 0 1 1 0 1 0 1 0 0 1
89 0 0 0 1 1 0 1 0 0 0 0 0 0 1
90 1 0 0 1 0 1 1 1 0 0 0 0 0 1
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Battery B1 B2 B3 B4 85 B6 B7 B8 B9 B10 B11 B12 B13 B14
91 0 0 1 0 1 0 1 0 0 1 0 0 0 1
92 1 0 1 0 0 0 1 0 0 1 0 0 0 1
93 1 0 0 1 0 0 1 0 1 1 0 0 0 1
94 0 0 0 0 0 0 1 1 0 0 1 0 0 1
95 0 0 1 1 0 0 1 1 0 0 1 0 0 1
96 1 0 1 1 1 0 1 0 0 0 0 0 0 1
97 1 0 0 1 1 1 1 0 0 0 0 0 0 1
98 1 0 0 1 0 0 1 1 0 0 1 0 0 1
99 1 0 1 1 0 0 1 1 1 0 1 0 0 1
100 1 1 0 1 0 0 1 1 1 0 0 0 0 1
101 1 0 0 1 0 0 1 1 1 0 1 0 0 1
102 0 0 0 0 0 0 1 0 0 1 0 0 0 1
103 1 0 0 1 0 1 1 1 0 0 1 0 0 1
104 1 0 0 0 0 0 1 0 1 0 0 0 0 1
105 1 0 0 1 0 0 1 0 0 0 1 0 0 1
106 1 0 0 1 1 0 1 0 0 1 0 0 0 1
107 1 0 0 1 1 0 1 0 0 0 0 0 0 1
108 1 0 0 0 0 0 1 1 0 0 1 0 0 1
109 1 0 0 1 0 0 0 0 0 0 0 0 0 1
110 0 0 1 0 0 0 1 0 1 0 1 0 0 1
111 0 0 0 0 0 0 1 1 0 0 0 0 0 1
112 0 0 0 1 0 0 1 0 1 0 1 0 0 1
113 1 0 0 1 0 0 1 0 0 0 1 0 0 1
114 1 0 0 0 0 0 0 0 0 0 0 0 0 1
115 1 0 0 1 1 0 1 1 0 0 0 0 0 1
116 1 0 0 0 0 0 0 0 0 0 0 0 0 1
117 1 0 0 0 0 0 1 1 0 0 1 1 0 1
118 1 0 0 1 0 0 0 0 0 0 0 0 0 1
119 1 0 1 1 0 0 1 0 1 1 0 0 0 1
120 1 0 0 0 0 0 1 0 1 0 1 0 0 1
121 0 0 0 0 0 0 1 0 0 0 0 0 0 1
122 1 0 1 1 0 0 1 0 0 0 1 0 0 1
123 0 0 1 1 0 0 1 0 0 0 0 0 0 1
124 1 0 0 1 0 0 1 1 0 0 0 0 0 1
125 1 0 0 1 0 1 1 1 1 0 1 0 0 1
126 1 0 0 1 0 0 1 0 0 0 0 0 0 1
127 1 0 0 1 0 0 1 0 0 0 0 0 0 1
128 1 0 1 0 0 0 1 0 0 0 1 0 0 1
129 0 0 1 1 0 0 1 1 1 1 1 0 0 1
130 1 0 0 0 0 0 1 1 1 1 1 0 0 1
131 1 0 0 1 1 0 1 1 0 0 0 0 0 1
132 1 0 1 1 1 1 1 0 1 0 0 0 0 1
133 1 0 0 1 0 0 1 1 1 1 1 1 0 1
134 0 0 0 0 0 0 1 1 1 0 0 0 0 1
135 0 0 1 0 1 0 1 0 0 1 1 0 0 1
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APPENDIX A HISTORICAL DATA SET CONT.
Battery B1 B2 B3 B4 85 B6 B7 B8 B9 B10 B11 B12 B13 B14
136 0 0 0 0 0 0 1 0 0 1 0 0 0 1
137 0 0 1 0 0 0 1 0 0 0 0 0 0 1
138 1 0 0 1 0 0 1 1 0 0 1 0 0 1
139 0 0 0 0 1 0 1 0 0 0 0 0 0 1
140 1 0 0 1 0 0 1 1 0 0 1 0 0 1
141 0 0 0 1 0 0 1 0 0 0 0 0 0 1
142 1 0 0 1 0 0 1 1 0 0 1 0 0 1
143 0 0 1 0 1 0 1 0 0 0 0 0 0 1
144 1 0 1 0 0 0 1 0 1 1 0 0 0 1
145 1 0 0 1 1 0 1 1 0 0 1 0 0 1
146 1 0 1 1 0 0 1 1 1 1 1 0 0 1
147 0 0 1 1 0 0 1 0 0 0 0 0 0 1
148 1 0 0 1 0 1 1 1 1 0 0 0 0 1
149 0 0 1 0 1 0 1 0 0 1 1 1 0 1
150 1 0 1 1 0 0 1 1 0 0 0 0 0 1
151 1 0 0 0 0 1 1 1 0 0 1 0 0 1
152 1 0 1 1 0 0 1 1 0 1 1 0 0 1
153 1 0 1 1 0 0 1 1 1 1 1 0 0 1
154 1 0 1 0 0 0 1 1 0 0 0 1 0 1
155 1 0 1 1 1 0 0 0 0 0 1 0 0 1
156 1 1 1 1 1 0 1 1 0 0 1 0 0 1
157 1 0 1 1 0 0 1 0 1 1 0 0 0 1
158 1 0 1 1 0 0 1 1 0 1 1 0 0 1
159 0 0 1 1 0 0 1 0 0 0 0 0 0 1
160 1 0 0 1 1 0 1 0 0 0 1 0 0 1
161 1 0 0 1 0 0 1 1 0 1 1 0 0 1
162 1 0 0 0 0 0 1 0 0 0 0 0 0 1
163 1 0 0 0 1 0 1 1 0 0 0 0 0 1
164 1 0 1 1 0 0 1 1 0 1 0 0 0 1
165 1 0 1 1 0 0 1 1 1 0 1 0 0 1
166 0 0 0 0 1 0 1 0 0 0 0 0 0 1
167 1 0 0 1 0 0 1 1 0 1 0 0 0 1
168 1 0 0 1 0 0 1 1 1 0 1 0 0 1
169 1 0 0 0 0 0 1 0 0 0 0 0 0 1
170 0 0 0 1 1 0 1 0 0 0 0 0 0 1
171 1 0 0 0 1 0 1 1 1 0 0 0 0 1
172 0 0 0 0 1 0 0 0 0 1 0 0 0 1
173 0 0 0 0 1 0 1 0 1 0 0 0 0 1
174 1 0 0 1 0 0 1 1 1 0 1 0 0 1
175 1 0 0 0 0 0 1 0 0 0 0 0 0 1
176 1 0 0 1 0 1 1 1 1 0 1 0 0 1
177 1 0 0 1 0 0 1 1 0 0 0 0 0 1
178 0 0 1 1 1 0 1 1 0 1 1 0 0 1
179 1 0 0 1 0 0 1 1 0 0 0 0 0 1
180 0 0 1 0 1 0 0 0 0 0 0 1
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Battery B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14
181 1 0 0 1 0 0 1 1 0 0 1 1 0 1
182 1 0 0 0 0 0 1 1 1 0 1 0 0 1
183 1 0 0 1 0 0 1 1 1 0 0 0 0 1
184 1 0 0 1 0 0 1 1 0 1 1 0 0 1
185 1 0 1 1 0 0 1 1 0 0 1 1 0 1
186 0 0 0 0 0 0 1 0 0 0 0 0 0 1
187 1 0 0 0 0 0 1 1 1 0 0 0 0 1
188 1 0 0 1 0 0 1 1 1 1 0 1 0 1
189 0 0 0 0 0 0 1 0 0 0 0 0 0 1
190 1 0 0 1 0 0 1 1 0 0 0 0 0 1
191 1 0 0 1 0 1 1 1 0 0 0 0 0 1
192 0 0 1 0 0 0 1 1 1 0 0 0 0 1
193 1 0 1 1 0 0 1 1 1 1 1 0 0 1
194 0 0 0 0 0 0 1 0 1 0 0 0 0 1
195 0 0 0 0 0 0 0 0 0 0 1 0 0.
196 0 0 1 1 0 0 1 1 0 0 1 0 0 1
197 1 0 0 1 0 0 0 1 0 0 0 0 0 1
198 1 0 0 1 0 0 1 1 1 1 1 1 0 1
199 0 1 0 1 0 0 1 0 0 0 1 1 0 1
200 0 0 0 1 0 0 1 1 1 1 1 0 0 1
201 0 0 0 0 1 0 1 0 0 0 0 0 0 1
202 0 0 0 0 0 0 1 0 0 0 0 0 0 1
203 1 0 0 0 0 0 1 1 1 0 0 0 0 1
204 0 0 1 1 0 0 1 0 0 0 0 0 0 1
205 1 0 1 1 0 0 1 1 0 0 1 0 0 1
206 1 0 0 0 0 0 1 1 0 1 1 0 0 1
207 0 0 1 0 0 0 1 0 0 0 0 0 0 1
208 0 0 0 1 0 0 1 0 0 0 0 0 0 1
209 0 0 1 1 0 0 1 0 0 0 0 0 0 1
210 0 0 0 1 0 0 1 0 1 0 0 0 0 1
211 0 0 1 0 0 0 1 0 0 0 0 0 0 1
212 0 0 0 0 0 0 1 0 1 0 1 0 0 1
213 1 0 0 1 0 0 1 1 0 0 1 0 0 1
214 1 0 0 1 0 0 1 0 1 0 0 0 0 1
215 0 0 0 0 0 0 1 0 0 0 0 0 0 1
216 1 0 0 0 1 0 1 0 0 1 0 0 0 1
217 1 0 0 1 0 0 1 1 0 1 0 0 0 1
218 0 0 0 0 0 0 1 0 0 0 0 0 0 1
219 0 0 0 0 1 0 0 0 0 0 0 0 0 1
220 1 0 0 1 0 0 1 1 0 0 0 0 0 1
221 1 0 0 1 0 0 1 1 0 0 1 0 0 1
222 1 0 0 0 0 0 1 0 0 0 0 0 0 1
223 0 0 0 0 1 0 1 0 0 0 1 0 0 1
224 0 0 0 0 0 0 1 1 0 0 0 0 0 1
225 1 0 0 1 1 0 1 0 0 0 1 0 0 1
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Battery B1 B2 B3 B4 B5 B6 B7 B8 B9 10 811 812 B13 B14
226 0 0 0 0 0 0 1 0 0 1 0 1 0 1
227 0 0 0 1 0 0 1 1 0 0 0 0 0 1
228 0 0 0 0 0 0 1 0 0 0 0 0 0 1
229 1 0 1 1 0 0 1 1 0 0 1 1 0 1
230 1 0 0 0 0 0 1 0 1 0 0 0 0 1
231 1 0 0 0 0 0 1 0 0 0 0 0 0 1
232 1 0 0 1 0 0 1 0 0 1 0 0 0 1
233 0 0 1 1 0 0 1 1 0 1 1 0 0 1
234 1 0 0 0 0 0 1 0 0 0 0 0 0 1
235 1 0 0 1 0 0 1 1 0 1 1 0 0 1
236 0 0 0 0 0 0 1 1 0 0 0 0 0 1
237 1 0 0 1 0 0 1 1 0 0 1 0 0 1
238 0 0 0 0 0 0 1 0 0 0 0 0 0 1
239 1 0 1 1 0 0 1 1 0 0 0 0 0 1
240 1 0 0 0 0 0 1 1 0 0 0 1 0 1
241 0 0 0 0 0 0 1 0 0 0 0 0 0 1
242 1 1 0 1 0 0 1 1 0 0 1 0 0 1
243 0 0 0 1 1 0 1 0 0 0 0 0 0 1
244 1 0 0 1 0 0 1 0 1 1 1 0 0 1
245 0 0 0 0 0 0 1 0 0 1 0 0 0 1
246 1 0 0 1 0 0 1 0 0 0 0 0 0 1
247 0 0 0 1 0 0 1 1 0 1 1 0 0 1
248 0 0 1 1 0 0 1 0 0 0 1 0 0 1
249 1 0 0 1 0 0 1 1 0 0 1 0 0 1
250 0 0 1 0 0 0 1 0 0 0 0 0 0 1
251 1 0 1 1 0 0 1 1 0 1 1 0 0 1
252 0 0 0 0 1 0 1 0 0 0 0 0 0 1
253 1 0 0 0 0 0 1 1 1 1 1 0 0 1
254 0 0 0 1 1 0 1 1 0 0 1 0 0 1
255 1 0 1 1 0 0 1 1 1 1 0 0 0 1
256 1 O 0 1 0 0 1 1 0 1 1 0 1 0
257 0 0 0 1 0 0 1 0 0 0 0 0 0 1
258 1 0 1 1 0 0 1 1 1 0 1 0 0 1
259 1 0 0 1 0 0 1 1 0 0 0 0 0 1
260 0 0 1 0 0 0 1 1 0 0 1 0 0 1
261 1 0 0 0 0 0 1 1 1 1 1 0 0 1
262 0 0 0 1 0 0 1 0 0 0 0 0 0 1
263 1 0 1 1 1 0 1 0 1 0 0 0 0 1
264 1 0 0 1 0 0 1 1 0 0 1 0 0 1
265 1 0 0 1 0 0 1 1 0 0 0 0 0 1
266 1 0 1 0 1 0 1 1 0 0 1 0 0 1
267 0 0 0 0 1 0 0 0 0 0 0 0 0 1
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APPENDIX B ENERGY DIRECTOR HEIGHT EXPERIMENTAL
DATA
Battery Back Cove Front Covel Length Housing Cove Height Downstroke Time Downstroke Dist.
1 170 10 -30 11 1 100 1.574 1.992
2 160 30 -70 II 1 100 1.585 1.9907
3 145 17 -135 II 1 20 1.602 2.0454
4 165 5 -40 II . 100 1.588 1.9895
5 205 35 -25 II 2 100 1.567 1.9896
6 140 20 -60 II 1 40 1.614 2.037
7 150 85 -120 II 2 40 1.596 2.0249
8 170 0 -115 II 2 20 1.599 2.0407
9 165 50 -125 II 2 20 1.595 2.0437
10 150 -5 -11011 1 40 1.615 2.0372
11 180 5 -75 11 2 40 1.598 2.0355
12 175 25 -50 II 2 100 1.562 1.9903
13 135 20 -45 II 2 100 1.568 1.9903
14 140 25 -10 II 2 100 1.571 1.9895
15 160 30 -70 11 2 20 1.592 2.0412
16 155 110 -90 11 2 20 1.587 2.0427
17 165 50 -105 II 1 40 1.6 2.0413
18 170 25 -120 II 2 20 1.606 2.0391
19 155 10 -20 11 2 40 1.59 2.0377
20 125 15 -120 II 1 20 1.594 2.048
21 165 15 -65 II 2 20 1.608 2.0412
22 160 30 -85 II 1 40 1.597 2.0359
23 135 28 -120 II 2 40 1.59 2.0478
24 160 55 -11011 2 40 1.602 2.0335
25 105 45 -120 II 1 20 1.602 2.0516
26 145 65 -15 II 1 100 1.563 1.9915
27 175 40 -15 II 1 40 1.596 2.0368
28 155 75 -35 II 1 100 1.572 1.9903
29 205 40 -10 II 1 100 1.558 1.9902
30 170 65 -55 II 2 100 1.555 1.9893
31 205 20 -90 II 2 40 1.604 2.0375
32 185 15 -125 II 1 20 1.597 2.0469
33 120 20 -45 II 1 20 1.582 2.0325
34 165 20 -15 II 1 20 1.596 2.0481
35 140 0 -105 II 1 40 1.601 2.0374
36 210 25 4011 2 100 1.564 1.9933
37 190 55 1511 1 100 1.568 1.9903
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APPENDIX B ENERGY DIRECTOR HEIGHT EXPERIMENTAL
DATA CONT.
Battery P1 Weld Time P1 Weld Dist. P1 Weld Energ P1 Peak Powel P2 Weld Time P2 Weld Dist. P2 Weld Energy
1 0.778 0.025 258.9 468 1.386 0.068 914.6
2 0.798 0.025 268.4 459 1.457 0.0693 992.4
3 0.749 0.025 236.1 404 0.783 0.0146 407
4 1.049 0.025 389.9 539 1.458 0.0705 1103.4
5 0.712 0.025 227.6 420 1.284 0.0704 585.8
6 0.897 0.025 277.6 399 0.993 0.023 569.3
7 0.478 0.025 150.4 368 1.098 0.0351 609.9
8 0.777 0.025 231.6 395 0.854 0.0193 443.6
9 0.64 0.025 177.5 342 0.822 0.0163 380.3
10 1.012 0.025 321.7 404 0.862 0.0228 479.3
11 1.041 0.025 304.6 403 0.901 0.0245 521.8
12 0.764 0.025 245.5 422 1.431 0.0697 998.6
13 0.747 0.025 239 456 1.176 0.0696 810.2
14 0.772 0.025 240.5 447 1.327 0.0705 901.1
15 0.641 0.025 176 345 0.86 0.0188 410.5
16 0.803 0.025 234.9 360 0.752 0.0173 338.5
17 1.246 0.025 380.3 472 0.762 0.0187 419.9
18 0.756 0.025 222.8 369 0.868 0.0209 459.7
19 0.746 0.025 231.3 386 0.993 0.0223 566.1
20 0.88 0.025 290.2 402 0.765 0.012 394.1
21 0.7 0.025 190 344 0.762 0.0188 366
22 0.896 0.025 299.6 447 0.856 0.0241 487.2
23 1.478 0.025 529.7 485 0.603 0.0122 340.8
24 0.851 0.025 254 396 0.924 0.0265 507.5
25 1.01 0.025 334.3 456 0.553 0.0084 287.7
26 0.754 0.025 243.3 442 1.483 0.0685 999.2
27 0.873 0.025 256.6 391 0.88 0.0232 488
28 0.842 0.025 246.6 441 1.189 0.0697 730.2
29 1.026 0.025 314.8 436 1.488 0.0698 989.2
30 0.921 0.025 287.8 453 1.39 0.0707 1045.9
31 1.125 0.025 351.8 397 0.789 0.0225 412.4
32 0.864 0.025 256.5 386 0.722 0.0131 371.7
33 0.415 0.025 119.6 333 1.07 0.0275 519.1
34 0.651 0.025 186.6 373 0.751 0.0119 369.3
35 1.017 0.025 322.1 398 0.858 0.0226 474.6
36 0.729 0.025 235.7 438 1.3 0.0667 885.4
37 1.076 0.025 333.4 436 1.373 0.0697 915.8
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APPENDIX B ENERGY DIRECTOR HEIGHT EXPERIMENTAL
DATA CONT.
Battery P2 Peak Powet Abs. Dist. Total Weld Time Total Weld Dist Total Weld Energ Total Cycle Time Total Stroke
1 823 2.085 2.164 0.093 1173.6 4.738 2.0911
2 872 2.085 2.255 0.0943 1260.8 4.84 2.0912
3 609 2.085 1.532 0.0396 643.2 4.134 2.0913
4 940 2.085 2.507 0.0955 1493.3 5.095 2.0921
5 897 2.085 1.996 0.0954 1086.4 4.563 2.0915
6 737 2.085 1.89 0.048 847 4.504 2.0912
7 701 2.085 1.576 0.0601 760.4 4.172 2.0915
8 629 2.085 1.631 0.0443 675.3 4.23 2.0912
9 575 2.085 1.462 0.0413 557.9 4.057 2.0913
10 667 2.085 1.874 0.0478 801.1 4.489 2.0916
11 685 2.085 1.942 0.0495 826.5 4.54 2.0915
12 930 2.085 2.195 0.0947 1244.1 4.757 2.0914
13 901 2.085 1.923 0.0947 1049.2 4.491 2.0917
14 888 2.085 2.099 0.0955 1141.6 4.67 2.0917
15 575 2.085 1.501 0.0438 586.5 4.093 2.0914
16 534 2.085 1.555 0.0423 573.4 4.142 2.0915
17 613 2.085 2.008 0.0437 800.3 4.608 2.0913
18 682 2.085 1.624 0.0459 682.6 4.23 2.0915
19 713 2.085 1.739 0.0473 797.5 4.329 2.0913
20 661 2.085 1.645 0.037 684.4 4.239 2.0911
21 616 2.085 1.462 0.0438 556.1 4.07 2.0918
22 687 2.085 1.752 0.0491 786.8 4.349 2.0912
23 688 2.085 2.081 0.0372 870.5 4.671 2.0913
24 695 2.085 1.775 0.0515 761.6 4.377 2.0915
25 610 2.085 1.563 0.0334 622 4.165 2.0913
26 845 2.085 2.237 0.0935 1242.6 4.8 2.0918
27 664 2.085 1.753 0.0482 744.7 4.349 2.0914
28 812 2.085 2.031 0.0947 976.9 4.603 2.0915
29 838 2.085 2.514 0.0948 1304 5.072 2.0915
30 983 2.085 2.311 0.0957 1333.7 4.866 2.0916
31 625 2.085 1.914 0.0475 764.2 4.518 2.0917
32 637 2.085 1.586 0.0381 628.3 4.183 2.0913
33 631 2.085 1.485 0.0525 638.7 4.067 2.0912
34 603 2.085 1.402 0.0369 556 3.998 2.0913
35 656 2.085 1.875 0.0476 796.8 4.476 2.0913
36 880 2.085 2.029 0.0917 1121.1 4.593 2.0918
37 833 2.085 2.449 0.0947 1249.3 5.017 2.0921
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APPENDIX C STACKUP EXPERIMENTAL DATA
Battery Back Cover Front Cove Length Downstroke Time Downstroke Dist. P1 Weld Time P1 Weld Dist. P1 Weld Energy P1 Peak Power
1 240 185 -145 1.446 1.5943 0.662 0.025 220.9 421
2 165 180 -185 1.436 1.5983 0.819 0.025 280.9 449
3 150 55 -145 1.431 1.5896 0.59 0.025 198.1 440
4 225 200 -195 1.428 1.5937 0.69 0.025 234.4 437
5 140 195 -145 1.426 1.5884 0.517 0.025 153.8 401
6 95 200 -110 1.424 1.5961 0.713 0.025 236.8 427
7 245 200 -160 1.424 1.5858 0.638 0.025 198.1 425
8 155 60 -200 1.414 1.5956 0.689 0.025 235.4 427
9 115 175 -105 1.43 1.5911 0.554 0.025 168.8 396
10 120 165 -210 1.413 1.592 0.615 0.025 198.1 420
11 275 105 -165 1.419 1.595 0.7 0.025 235.6 463
12 225 220 -130 1.42 1.5963 0.644 0.025 226.4 436
13 115 200 -150 1.426 1.591 0.657 0.025 207.6 426
14 125 200 -115 1.419 1.5992 0.831 0.025 306.1 491
15 210 85 -165 1.429 1.5975 0.733 0.025 246.8 454
16 95 180 -135 1.42 1.5955 0.701 0.025 226.1 427
17 105 175 -90 1.41 1.5937 0.593 0.025 192 449
18 130 170 -115 1.427 1.5994 0.905 0.025 325.2 498
19 230 185 -95 1.417 1.5924 0.656 0.025 209.5 407
20 145 60 -100 1.413 1.5998 0.878 0.025 315 452
21 290 205 -120 1.423 1.5943 0.712 0.025 237.5 455
22 180 175 -40 1.414 1.5948 0.53 0.025 177.7 419
23 135 180 -60 1.415 1.5937 0.651 0.025 219.6 439
24 210 235 -30 1.422 1.5947 0.685 0.025 221 439
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APPENDIX C STACKUP EXPERIMENTAL DATA
Battery P2 Weld Time P2 Weld Diet. P2 Weld Energy P2 Peak Power Abs. Dist. Total Weld Time Total Weld Dist Total Weld Ener
1 1.864 0.0807 1502.6 1153 1.7 2.526 0.1057 1723.6
2 1.468 0.0767 1146.1 1033 1.7 2.287 0.1017 1427
3 1.736 0.0854 1306.3 982 1.7 2.326 0.1104 1504.5
4 1.914 0.0813 1541.1 1123 1.7 2.604 0.1063 1775.5
5 1.679 0.0866 1231.5 1086 1.7 2.196 0.1116 1385.3
6 1.526 0.0789 1154.2 1070 1.7 2.239 0.1039 1391
7 1.952 0.0892 1645.3 1217 1.7 2.59 0.1142 1843.5
8 1.529 0.0794 1183 1078 1.7 2.218 0.1044 1418.5
9 1.58 0.0839 1122.2 938 1.7 2.134 0.1089 1291.1
10 1.579 0.083 1159.2 1019 1.7 2.194 0.108 1357.3
11 1.93 0.08 1537 1158 1.7 2.63 0.105 1772.6
12 1.758 0.0787 1340.5 1041 1.7 2.402 0.1037 1567
13 1.547 0.084 1147.3 984 1.7 2.204 0.109 1355
14 1.45 0.0758 1131.1 1021 1.7 2.281 0.1008 1437.2
15 1.816 0.0775 1487.6 1174 1.7 2.549 0.1025 1734.4
16 1.479 0.0795 1129.5 1028 1.7 2.18 0.1045 1355.7
17 1.615 0.0813 1230 1015 1.7 2.208 0.1063 1422
18 1.383 0.0756 1115 1070 1.7 2.288 0.1006 1440.3
19 1.75 0.0826 1376 1116 1.7 2.406 0.1076 1585.6
20 1.408 0.0752 1095.3 1068 1.7 2.286 0.1002 1410.4
21 1.582 0.0807 1310.2 1206 1.7 2.294 0.1057 1547.8
22 1.708 0.0802 1318.4 1136 1.7 2.238 0.1052 1496.2
23 1.579 0.0813 1188.2 1045 1.7 2.23 0.1063 1407.8
24 1.651 0.0803 1269.3 1060 1.7 2.336 0.1053 1490.4
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CONT.
APPENDIX C STACKUP EXPERIMENTAL DATA
Battery Total Cycle Time Total Stroke Layers of Tape Burn? A B C Average
1 4.972 1.7064 5 Y 2.334 2.699 2.692 2.575
2 4.723 1.7077 0 N 2.3355 2.699 2.6915 2.5753
3 4.757 1.707 3 N 2.335 2.7005 2.6935 2.5763
4 5.032 1.7064 4 N 2.3345 2.697 2.692 2.5745
5 4.622 1.7076 2 N 2.3345 2.6995 2.693 2.5757
6 4.663 1.7078 2 N 2.335 2.7005 2.6925 2.576
7 5.014 1.7065 5 Y 2.3325 2.698 2.6915 2.574
8 4.632 1.7073 3 N 2.3335 2.7 2.6935 2.5757
9 4.564 1.7074 2 N 2.335 2.705 2.692 2.5773
10 4.607 1.7079 1 N 2.3345 2.6995 2.693 2.5757
11 5.049 1.7063 5 Y 2.333 2.698 2.692 2.5743
12 4.822 1.7068 4 Y 2.334 2.6985 2.692 2.5748
13 4.63 1.7079 1 N 2.3345 2.699 2.692 2.5752
14 4.7 1.7081 0 Y 2.3345 2.6995 2.6925 2.5755
15 4.978 1.7064 5 N 2.3345 2.698 2.692 2.5748
16 4.6 1.7077 1 N 2.337 2.7015 2.6925 2.577
17 4.618 1.708 1 N 2.334 2.699 2.6905 2.5745
18 4.715 1.7081 0 N 2.335 2.699 2.6915 2.5752
19 4.823 1.7069 4 Y 2.334 2.699 2.692 2.575
20 4.699 1.7081 0 N 2.3345 2.6985 2.692 2.575
21 4.717 1.7075 3 N 2.333 2.7 2.694 2.5757
22 4.652 1.7071 4 N 2.334 2.699 2.693 2.5753
23 4.645 1.7077 2 N 2.333 2.7005 2.692 2.5752
24 4.758 1.7071 3 Y 2.334 2.699 2.6925 2.5752
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APPENDIX D SNAPFIT EXPERIMENTAL DATA
Battery Downstroke Time Dopwnstroke Dist P1 Weld Time P1 Weld Dist. P1 Weld Energy P1 Peak Power
1 0.925 1.6248 0.49 0.025 220.7 630
2 0.919 1.6274 0.507 0.025 232.2 670
3 0.921 1.6268 0.552 0.025 267.6 662
4 0.923 1.6269 0.538 0.025 247 658
5 0.918 1.6253 0.508 0.025 237 632
6 0.922 1.6257 0.497 0.025 220.5 647
7 0.912 1.6272 0.561 0.025 249.5 647
8 0.918 1.621 0.406 0.025 157.3 565
9 0.911 1.6198 0.411 0.025 165.5 559
10 0.92 1.6233 0.482 0.025 213.6 642
11 0.915 1.6245 0.505 0.025 240 676
12 0.908 1.6233 0.467 0.025 207.8 619
13 0.914 1.6252 0.506 0.025 236.9 663
14 0.914 1.6215 0.479 0.025 219.6 632
15 0.916 1.6253 0.549 0.025 257.5 674
16 0.908 1.6244 0.536 0.025 256.9 649
17 0.913 1.6238 0.522 0.025 237.5 684
18 0.917 1.6266 0.466 0.025 200.8 613
19 0.908 1.6254 0.472 0.025 213.3 686
20 0.909 1.6246 0.552 0.025 260.7 684
21 0.913 1.6263 0.524 0.025 237.2 683
22 0.91 1.6246 0.517 0.025 239.1 706
23 0.919 1.6255 0.523 0.025 241.7 650
24 0.91 1.6255 0.522 0.025 248.9 672
25 0.907 1.6255 0.54 0.025 261.1 632
26 0.915 1.6259 0.511 0.025 242.2 637
27 0.913 1.6267 0.485 0.025 212.8 607
28 0.905 1.625 0.474 0.025 220.4 621
29 0.911 1.6265 0.501 0.025 228.4 666
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APPENDIX D SNAPFIT EXPERIMENTAL DATA
Battery Downstroke Time Dopwnstroke Dist P1 Weld Time P1 Weld Dist. P1 Weld Energy P1 Peak Power
30 0.92 1.6267 0.546 0.025 260.4 623
31 0.91 1.6256 0.471 0.025 216.2 616
32 0.92 1.6265 0.436 0.025 189.4 574
33 0.912 1.6271 0.468 0.025 212.3 660
34 0.917 1.6273 0.431 0.025 192.3 617
35 0.913 1.627 0.463 0.025 215 634
36 0.909 1.6279 0.471 0.0251 213.1 644
37 0.916 1.6272 0.42 0.025 184.8 607
38 0.907 1.628 0.483 0.025 223.4 671
39 0.91 1.6259 0.421 0.025 189.8 583
40 0.916 1.6255 0.457 0.025 204.6 651
41 0.911 1.6244 0.424 0.025 192.3 648
42 0.907 1.6233 0.397 0.025 180.5 622
43 0.915 1.6258 0.462 0.025 209.9 656
44 0.913 1.6231 0.44 0.025 189.9 615
45 0.909 1.6252 0.431 0.025 192.8 585
46 0.917 1.6254 0.433 0.025 183.1 604
47 0.91 1.6223 0.357 0.025 155.8 584
48 0.904 1.6264 0.415 0.025 184.6 619
49 0.911 1.6258 0.422 0.025 185.1 651
50 0.908 1.6259 0.411 0.025 185.3 568
51 0.91 1.6233 0.378 0.025 165.8 590
52 0.912 1.6257 0.41 0.025 177.1 579
53 0.913 1.6266 0.466 0.025 221.4 621
54 0.907 1.626 0.445 0.0205 204.3 612
55 0.911 1.6265 0.441 0.025 200.1 616
56 0.909 1.6252 0.433 0.025 196.7 652
57 0.907 1.6276 0.435 0.025 204 663
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CONT.
APPENDIX D SNAPFIT EXPERIMENTAL DATA
Battery P2 Weld Time P2 Weld Dist. P2 Weld Energy P2 Peak Power Abs. Dist.
1 0.758 0.0752 717.2 1172 1.725
2 0.908 0.0727 891.2 1203 1.725
3 0.734 0.0731 725.6 1212 1.725
4 0.771 0.0731 751.7 1189 1.725
5 0.827 0.0747 836 1253 1.725
6 0.712 0.0743 691 1242 1.725
7 0.751 0.0728 737.9 1238 1.725
8 0.847 0.079 799.8 1286 1.725
9 0.883 0.0803 860.1 1290 1.725
10 0.84 0.0767 843.6 1369 1.725
11 0.746 0.0754 712.5 1245 1.725
12 0.844 0.0767 808.7 1251 1.725
13 0.781 0.0748 760.3 1242 1.725
14 0.836 0.0785 803.2 1227 1.725
15 0.776 0.0746 758.7 1214 1.725
16 0.749 0.0756 756.9 1252 1.725
17 0.776 0.0762 801.5 1344 1.725
18 0.765 0.0733 751 1268 1.725
19 0.818 0.0746 821.7 1302 1.725
20 0.811 0.0754 818.1 1367 1.725
21 0.795 0.0737 796.5 1237 1.725
22 0.763 0.0754 770.7 1275 1.725
23 0.795 0.0744 773.2 1258 1.725
24 0.796 0.0744 791.5 1215 1.725
25 0.748 0.0745 721.8 1177 1.725
26 0.778 0.0741 759.7 1241 1.725
27 0.835 0.0733 772.5 1167 1.725
28 0.766 0.075 738.3 1176 1.725
29 0.729 0.0735 700.1 1186 1.725
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CONT.
APPENDIX D SNAPFIT EXPERIMENTAL DATA
Battery P2 Weld Time P2 Weld Dist. P2 Weld Energy P2 Peak Power Abs. Dist.
30 0.781 0.0733 759.3 1188 1.725
31 0.802 0.0743 751.9 1140 1.725
32 0.835 0.0735 789.7 1194 1.725
33 0.781 0.0729 746.9 1153 1.725
34 0.841 0.0727 780.6 1172 1.725
35 0.813 0.073 776.3 1223 1.725
36 0.831 0.072 799.7 1264 1.725
37 0.823 0.0728 771.4 1131 1.725
38 0.754 0.072 720.7 1170 1.725
39 0.89 0.0741 829.4 1207 1.725
40 0.787 0.0745 732.7 1220 1.725
41 0.87 0.0756 818.3 1260 1.725
42 0.872 0.0767 857 1329 1.725
43 0.76 0.0742 728 1264 1.725
44 0.827 0.077 794.3 1255 1.725
45 0.854 0.0748 826.7 1362 1.725
46 0.753 0.0747 708.2 1261 1.725
47 0.834 0.0778 780.9 1261 1.725
48 0.801 0.0736 772.5 1301 1.725
49 0.853 0.0742 829.2 1288 1.725
50 0.859 0.0741 825.4 1258 1.725
51 0.835 0.0767 762.2 1189 1.725
52 0.788 0.0743 746.7 1273 1.725
53 0.766 0.0734 721.5 1163 1.725
54 0.838 0.074 786.9 1180 1.725
55 0.776 0.0735 743.7 1224 1.725
56 0.826 0.0748 784.8 1185 1.725
57 0.81 0.0724 761.8 1183 1.725
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CONT.
APPENDIX D SNAPFIT EXPERIMENTAL DATA
Battery Total Weld Time Total Weld Dist. Total Weld EnergV Total Cycle Tim( Total Stroke Snapfit?
1 1.248 0.1002 938 3.173 1.7341 y
2 1.415 0.0977 1123.5 3.334 1.7339 y
3 1.286 0.0981 993.3 3.207 1.7342 y
4 1.309 0.0981 998.7 3.232 1.7346 y
5 1.335 0.0997 1073 3.253 1.7338 y
6 1.209 0.0993 911.6 3.131 1.7342 y
7 1.312 0.0978 987.5 3.224 1.7338 y
8 1.253 0.104 957.2 3.171 1.7338 y
9 1.294 0.1053 1025.6 3.205 1.7342 y
10 1.322 0.1017 1057.3 3.242 1.7336 y
11 1.251 0.1005 952.5 3.166 1.734 y
12 1.311 0.1017 1016.5 3.219 1.7338 y
13 1.287 0.0998 997.2 3.201 1.7339 y
14 1.315 0.1035 1022.8 3.229 1.7341 y
15 1.325 0.0997 1016.3 3.241 1.7344 y y
16 1.285 0.1006 1013.8 3.193 1.7339 y
17 1.298 0.1012 1039 3.211 1.7339 y
18 1.231 0.0984 951.8 3.148 1.7342 y
19 1.29 0.0996 1035.1 3.198 1.7337 y
20 1.363 0.1004 1078.8 3.272 1.7341 y
21 1.319 0.0987 1033.8 3.232 1.7339 y
22 1.28 0.1004 1009.8 3.19 1.734 y
23 1.318 0.0994 1014.9 3.237 1.7338 y
24 1.318 0.0994 1040.4 3.228 1.7337 y
25 1.288 0.0995 983 3.195 1.7341 y
26 1.289 0.0991 1001.9 3.204 1.7346 y
27 1.32 0.0983 985.3 3.233 1.7341 y
28 1.24 0.1 958.8 3.145 1.7342 y
29 1.23 0.0985 928.6 3.141 1.7348 y
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CONT.
APPENDIX D SNAPFIT EXPERIMENTAL DATA
Battery Total Weld Time Total Weld Dist. Total Weld Energy Total Cycle Time Total Stroke Snapfit?
30 1.327 0.0983 1019.8 3.247 1.7346 y
31 1.273 0.0994 968.1 3.183 1.7337 y
32 1.271 0.0985 979.1 3.191 1.7341 n
33 1.249 0.0979 959.3 3.161 1.7337 n
34 1.272 0.0977 972.9 3.189 1.7342 n
35 1.276 0.098 991.4 3.189 1.7341 n
36 1.302 0.0971 1012.9 3.211 1.7344 n
37 1.243 0.0978 956.2 3.159 1.7342 n
38 1.237 0.097 944.1 3.144 1.7339 n
39 1.311 0.0991 1019.3 3.221 1.7333 n
40 1.244 0.0996 937.3 3.16 1.7346 n
41 1.294 0.1006 1010.7 3.205 1.7343 n
42 1.269 0.1017 1037.6 3.176 1.7343 n
43 1.222 0.0992 937.9 3.137 1.7347 n
44 1.267 0.102 984.3 3.18 1.7338 n
45 1.285 0.0999 1019.6 3.194 1.7346 n
46 1.186 0.0997 891.4 3.103 1.7346 n
47 1.191 0.1028 936.7 3.101 1.7342 n
48 1.216 0.0986 957.1 3.12 1.7344 n
49 1.275 0.0993 1014.3 3.186 1.7338 n
50 1.27 0.0991 1010.7 3.178 1.7336 n
51 1.213 0.1017 928 3.123 1.7337 n
52 1.198 0.0993 923.9 3.11 1.7344 n
53 1.232 0.0984 943 3.145 1.7338 n
54 1.283 0.099 991.2 3.19 1.7336 n
55 1.217 0.0986 943.8 3.128 1.7341 n
56 1.259 0.0998 981.6 3.168 1.7338 n
57 1.245 0.0974 965.8 3.152 1.7335 n
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Bafery Front Cover Back Cover Length Downstroke Tim Downstroke Dis P1 Weld Time P1 Weld Dist. P1 Weld Enemy P1 Peak Power
1 170 130 -40 1.583 1.9867 0.971 0.025 339.8 511
2 150 130 -65 1.564 1.9808 1.025 0.025 378.8 497
3 170 155 -65 1.583 1.9894 1.002 0.025 357.6 485
4 150 160 -10 1.566 1.9832 1.006 0.025 346 516
5 175 185 -40 1.586 1.985 1.112 0.025 400.3 491
6 160 1 1.573 1.9885 1.85 0.025 378.1 489
7 150 190 -55 1.56 1.9916 1.005 0.025 366.8 534
8 160 190 -40 1.581 1.9887 1.013 0.025 365.6 486
9 155 150 25 1.57 1.9835 1.074 0.025 383.5 475
10 165 155 -35 1.558 1.9856 1.009 0.025 353.4 458
11 145 180 -50 1.58 1.9891 1.019 0.025 365.9 497
12 160 140 -10 1.569 1.984 0.919 0.025 313.5 448
13 150 215 -60 1.559 1.987 1.053 0.025 373.9 513
14 160 200 -45 1.577 1.9904 1.095 0.025 395.6 497
15 160 155 -6 1.6 19851 1.144 0.025 447.1 544
16 160 210 -85 1.565 1.9858 1.109 0.025 394.5 511
17 175 145 -75 1.574 1.9884 1.098 0.025 423.2 542
18 160 135 -75 1.565 1.9899 0.906 0.025 324 482
19 135 165 -40 1.578 1.9894 1.072 0.025 391.6 509
20 145 190 -60 1.571 1.989 1.193 0.025 470.5 560
21 135 80 -65 1.563 1.9829 1.013 0.025 359.6 474
22 150 135 -65 1.569 1.9883 1.061 0.025 397.5 532
23 150 175 -25 1.571 1.9889 1.101 0.025 400.3 495
24 150 175 -70 1.579 1.9886 1.058 0.025 389.8 496
25 145 220 -55 1.568 1.9857 1.158 0.025 426.8 467
26 155 185 -65 1.566 1.9904 1.07 0.025 389.2 524
27 150 200 -60 1.576 1.9867 1.048 0.025 362.3 478
28 135 160 45 1.565 1.9907 0.982 0.025 339.4 478
29 145 150 -25 1.588 1.9901 0.957 0.025 336.4 518
30 145 175 -45 1.567 1.9918 1.074 0.025 395 520
APPENDIX E PRESS EXPERIMENTAL DATA CONT.
Battery P2 Weld Time P2 Weld Dist. P2 Weld Enery P2 Peak Power Abs. Dist. Total Weld Time Total Weld Dist. Total Weld Ene Total Cycle Tim
1 1.508 0.0733 1191.7 1116 2.085 2.479 0.0983 1531.6 5.062
2 1.544 0.0792 1209 1079 2.085 2.569 0.1042 1587.9 5.133
3 1.378 0.0706 1027.6 954 2.085 2.38 0.0956 1385.3 4.963
4 1.387 0.0768 1015.9 945 2.085 2.393 0.1018 1362 4.959
5 1.541 0.075 1198.7 1058 2.085 2.653 0.1 1599.1 5.239
6 1.474 0.0715 1093.3 923 2.085 2.559 0.0965 1471.4 5.132
7 1.441 0.0683 1072.5 947 2.085 2.446 0.0934 1439.4 5.006
8 1.433 0.0713 1089.5 1057 2.085 2.446 0.0963 1455.2 5.027
9 1.591 0.0765 1210.7 972 2.085 2.665 0.1015 1594.2 5.235
10 1.69 0.0744 1231.8 950 2.085 2.699 0.0994 1585.2 5.257
11 1.402 0.0709 1034.9 941 2.085 2.421 0.0959 1400.9 5.001
12 1.486 0.076 1119 978 2.085 2.405 0.101 1432.6 4.974
13 1.548 0.0729 1204 981 2.085 2.601 0.098 1578 5.16
14 1.453 0.0696 1154.7 1033 2.085 2.548 0.0946 1550.4 5.125
15 1.53 0.0749 1196.4 1065 2.085 2.674 0.0999 1643.6 5.24
16 1.598 0.0742 1335.8 1043 2.085 2.707 0.0992 1730.4 5.272
17 1.381 0.0715 1089.4 1024 2.085 2.479 0.0966 1512.7 5.053
18 1.559 0.0701 1156.9 1068 2.085 2.465 0.0951 1480.9 5.03
19 1.428 0.0706 1096.1 959 2.085 2.5 0.0956 1487.8 5.078
20 1.37 0.0709 1098 1026 2.085 2.563 0.096 1568.5 5.134
21 1.527 0.0771 1126.2 966 2.085 2.54 0.1021 1485.8 5.103
22 1.347 0.0717 1065.7 1065 2.085 2.408 0.0967 1463.2 4.977
23 1.517 0.0711 1143.6 1001 2.085 2.618 0.0961 1543.9 5.189
24 1.481 0.0714 1151.2 1053 2.085 2.539 0.0964 1541 5.118
25 1.458 0.0743 1132.2 1017 2.085 2.616 0.0993 1559.1 5.184
26 1.543 0.0696 1214.1 1051 2.085 2.613 0.0946 1603.3 5.179
27 1.332 0.0693 944.3 919 2.085 2.314 0.0943 1283.7 4.879
28 1.332 0.0693 944.3 919 2.085 2.314 0.0943 1283.7 4.879
29 1.308 0.0699 992.6 1034 2.085 2.265 0.0949 1329 4.853
30 1.408 0.0662 1006 881 2.0 2. 482 0.0932 1401.1 5.049
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APPENDIX E PRESS EXPERIMENTAL DATA CONT.
Battery Total Stroke A B C Average Press?
1 2.0916 2.336 2.7015 2.6915 2.5763 Y
2 2.0918 2.336 2.701 2.6915 2.5762 N
3 2.0915 2.333 2.701 2.691 2.575 Y
4 2.092 2.3365 2.701 2.6945 2.5773 N
5 2.0921 2.3345 2.6985 2.691 2.5747 N
6 2.0925 2.334 2.6995 2.69 2.5745 N
7 2.0918 2.333 2.7 2.691 2.5747 Y
8 2.0918 2.335 2.7035 2.6905 2.5763 Y
9 2.0924 2.3325 2.7015 2.6905 2.5748 N
10 2.0918 2.3335 2.7 2.6905 2.5747 N
11 2.0923 2.3325 2.701 2.6915 2.575 Y
12 2.0924 2.333 2.701 2.693 2.5757 N
13 2.0913 2.3355 2.6985 2.6895 2.5745 N
14 2.092 2.334 2.699 2.691 2.5747 Y
15 2.0913 2.3335 2.7 2.6905 2.5747 N
16 2.0913 2.3315 2.7015 2.69 2.5743 N
17 2.0913 2.335 2.702 2.6905 2.5758 Y
18 2.0922 2.3325 2.701 2.691 2.5748 Y
19 2.0917 2.331 2.702 2.6905 2.5745 Y
20 2.0922 2.3335 2.6995 2.6915 2.5748 Y
21 2.0926 2.3315 2.702 2.6915 2.575 N
22 2.0919 2.334 2.699 2.6915 2.5748 Y
23 2.0923 2.333 2.6995 2.69 2.5742 N
24 2.092 2.3335 2.699 2.692 2.5748 Y
25 2.0922 2.3315 2.6985 2.6905 2.5735 N
26 2.0917 2.3315 2.7 2.69 2.5738 Y
27 2.092 2.332 2.6985 2.6905 2.5737 N
28 2.092 2.33 2.698 2.69 2.5727 N
29 2.092 2.334 2.701 2.6925 2.5758 Y
30 2.0916 2.3335 2.7 2.6905 2.5747 Y
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APPENDIX E PRESS EXPERIMENTAL DATA CONT.
Battery F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14
1 0 0 0 0 0 1 1 0 0 0 0 0 0 1
2 0 0 0 0 0 1 1 0 0 0 0 0 0 1
3 0 0 0 0 0 0 1 0 0 0 0 0 0 1
4 0 0 0 0 0 1 1 0 1 0 0 0 0 1
5 0 0 0 0 0 1 1 0 0 1 0 0 0 1
6 0 0 0 0 0 1 1 0 1 1 0 0 1 1
7 1 0 0 1 0 1 1 0 0 0 0 0 0 1
8 1 0 0 0 0 1 1 0 0 0 0 0 0 1
9 0 0 0 0 0 1 1 0 0 0 0 0 0 1
10 0 0 0 0 0 0 1 0 0 0 0 0 0 1
11 0 0 0 0 0 1 1 0 1 1 1 0 1 1
12 0 0 0 0 0 1 1 0 0 0 0 0 1 1
13 1 1 1 0 0 1 1 0 0 0 0 0 1 1
14 0 0 0 0 0 1 1 0 0 1 0 0 1 1
15 0 0 0 0 0 1 1 0 0 0 0 0 1 1
16 1 1 1 1 0 1 1 0 0 0 0 0 0 1
17 1 1 0 1 0 1 1 0 0 0 0 0 1 1
18 0 0 0 0 0 1 1 0 1 1 0 0 0 1
19 1 0 1 0 0 1 1 0 0 0 0 0 0 1
20 1 0 1 1 0 1 1 0 0 0 0 0 0 1
21 1 0 0 1 0 1 1 0 0 0 0 0 0 1
22 1 0 0 0 0 1 1 0 1 1 0 0 1 1
23 1 0 0 0 0 1 1 0 0 0 0 0 1 1
24 0 0 0 0 0 1 1 0 0 0 0 0 1 1
25 1 0 0 0 0 1 1 0 0 0 0 0 0 1
26 1 1 1 1 0 1 1 0 0 0 0 0 0 1
27 0 0 0 0 0 1 1 0 0 1 0 0 0 1
28 1 0 0 0 0 1 1 0 0 0 0 0 1 1
29 1 1 0 0 0 1 1 0 0 0 0 0 0 1
30 0 0 0 0 0 1 1 0 0 0 1 0 0 1
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APPENDIX E PRESS EXPERIMENTAL DATA CONT.
Battery Bl B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14
1 0 1 1 1 0 0 1 0 1 0 1 0 0 1
2 1 0 1 1 0 1 1 0 1 0 1 0 0 1
3 0 0 0 1 1 0 1 0 0 0 1 0 0 1
4 0 0 1 1 0 0 0 0 0 0 1 0 0 1
5 0 0 1 1 0 0 1 0 1 0 1 0 0 0
6 0 0 0 1 1 0 1 0 0 0 0 0 0 1
7 0 0 1 1 0 0 1 0 0 0 1 0 0 1
8 1 0 0 1 0 0 1 0 1 0 1 0 0 0
9 0 0 0 1 0 0 1 0 0 0 1 0 0 1
10 0 0 1 1 0 0 1 0 0 0 1 0 0 1
11 0 0 1 0 0 0 1 0 0 0 1 0 0 1
12 0 0 1 1 0 0 1 0 0 0 1 1 0 1
13 0 0 1 0 0 0 1 0 1 0 1 0 0 1
14 0 0 1 1 0 0 1 0 1 0 1 1 0 1
15 0 0 1 0 0 0 1 0 1 0 1 0 0 1
16 1 0 1 1 0 0 1 0 0 0 1 0 0 1
17 0 0 1 1 0 1 1 0 1 0 1 0 0 1
18 0 1 0 1 0 0 1 0 1 0 1 0 0 0
19 0 0 0 1 1 0 1 0 1 0 1 0 0 0
20 0 0 1 1 0 0 1 1 1 1 1 1 0 1
21 0 0 0 1 0 0 1 0 0 0 0 0 0 0
22 0 0 0 1 0 0 1 0 1 0 1 1 0 0
23 0 0 1 1 1 0 1 0 0 0 1 0 0 0
24 1 1 1 0 0 0 1 0 1 1 1 0 0 1
25 0 0 1 1 0 0 1 0 0 0 1 1 0 1
26 0 0 1 1 0 0 1 0 1 0 1 1 0 1
27 1 0 1 1 0 0 1 0 1 0 1 1 0 1
28 0 1 0 0 0 0 1 0 0 0 0 0 0 0
29 0 1 0 1 0 0 0 0 0 0 1 1 0 1
30 0 0 1 0 0 1 0 0 0 0 1
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APPENDIX F CELLS EXPERIMENTAL DATA
Battery Downstroke Time Downstroke Dist. P1 Weld Time P1 Weld Dist. P1 Weld Energy P1 Peak Power
1 1.562 1.99 1.247 0.025 495.3 558
2 1.567 1.9888 1.022 0.025 365.1 504
3 1.572 1.9885 0.952 0.025 333 482
4 1.565 1.9918 1.022 0.025 373 522
5 1.554 1.9906 1.023 0.0251 374.9 537
6 1.577 1.9874 1.133 0.025 410.6 530
7 1.572 1.9902 1.097 0.025 418.9 564
8 1.561 1.9906 1.095 0.025 425.6 564
9 1.557 1.9907 1.081 0.025 428.5 562
10 1.575 1.9891 1.308 0.025 491.3 523
11 1.559 1.9893 1.056 0.025 407.2 550
12 1.571 1.9876 1.082 0.025 399 518
13 1.569 1.9899 0.948 0.025 340.8 508
14 1.559 1.9894 1.084 0.025 398.5 540
15 1.57 1.9898 1.086 0.025 397.1 503
16 1.575 1.9893 1.107 0.025 399.2 528
17 1.56 1.9894 1.103 0.025 431.5 547
18 1.558 1.9906 1.039 0.025 393.7 530
19 1.575 1.9891 1.015 0.025 377.3 517
20 1.571 1.9887 1.011 0.025 358.5 507
21 1.558 1.9903 0.993 0.025 368.1 546
22 1.567 1.9907 1.188 0.025 454.4 565
23 1.57 1.9894 1.045 0.025 370.7 505
24 1.556 1.9907 1.03 0.025 386.5 542
25 1.563 1.9886 0.988 0.025 372.5 557
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APPENDIX F CELLS EXPERIMENTAL DATA CONT.
Battery P2 Weld Time P2 Weld Dist. P2 Weld Energy P2 Peak Power Abs. Dist. Total Weld Time
1 1.42 0.07 1105.7 970 2.085 2.667
2 1.366 0.0712 1046.5 980 2.085 2.388
3 1.555 0.0715 1155.5 948 2.085 2.507
4 1.525 0.0682 1154.5 918 2.085 2.547
5 1.262 0.0693 1031 1079 2.085 2.285
6 1.419 0.0726 1082.9 967 2.085 2.552
7 1.316 0.0698 1061.7 1038 2.085 2.413
8 1.323 0.0694 1086.4 1046 2.085 2.418
9 1.419 0.0693 1168.3 1078 2.085 2.5
10 1.421 0.0709 1126.4 934 2.085 2.729
11 1.516 0.0707 1240.3 1084 2.085 2.572
12 1.427 0.0724 1148.9 1045 2.085 2.509
13 1.337 0.0701 992.1 897 2.085 2.285
14 1.425 0.0706 1160.7 1065 2.085 2.509
15 1.496 0.0702 1139.7 927 2.085 2.582
16 1.392 0.0707 1107.7 980 2.085 2.499
17 1.483 0.0706 1192.8 1060 2.085 2.586
18 1.429 0.0694 1069.8 942 2.085 2.468
19 1.321 0.0709 1046.7 1085 2.085 2.336
20 1.589 0.0713 1206.8 990 2.085 2.6
21 1.377 0.0697 1022.7 963 2.085 2.37
22 1.145 0.0693 860.6 913 2.085 2.333
23 1.473 0.0706 1108.5 966 2.085 2.518
24 1.408 0.0693 1136 1067 2.085 2.438
25 1.368 0.0714 1066.9 1014 2.085 2.356
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APPENDIX F CELLS EXPERIMENTAL DATA
Battery Total Weld Dist. Total Weld Energy Total Cycle Time Total Stroke Cell
1 0.095 1601.1 5.229 2.0911 B
2 0.0962 1411.6 4.955 2.092 B
3 0.0965 1488.6 5.079 2.0922 B
4 0.0932 1527.6 5.112 2.0922 G
5 0.0944 1405.9 4.839 2.0916 B
6 0.0976 1493.6 5.129 2.0921 B
7 0.0948 1480.6 4.985 2.0918 B
8 0.0944 1512 4.979 2.0915 B
9 0.0943 1596.9 5.057 2.0919 B
10 0.0959 1617.8 5.304 2.0918 B
11 0.0957 1647.5 5.131 2.0917 B
12 0.0974 1547.9 5.08 2.0916 B
13 0.0951 1333 4.854 2.0914 G
14 0.0956 1559.3 5.068 2.0917 G
15 0.0952 1536.9 5.152 2.0917 B
16 0.0957 1506.9 5.074 2.0918 B
17 0.0956 1624.4 5.146 2.0921 B
18 0.0944 1463.6 5.026 2.0919 G
19 0.0959 1424.1 4.911 2.092 B
20 0.0963 1565.4 5.171 2.0929 G
21 0.0947 1390.9 4.928 2.0915 B
22 0.0943 1315.1 4.9 2.0922 B
23 0.0956 1479.3 5.088 2.0925 B
24 0.0943 1522.5 4.994 2.0915 G
25 0.0964 1439.4 4.919 2.0916 G
137
CONT.
138
- i-g..a j - I S - 4 ... .ra - .4.a.. {.n.=4. --
90
(
4 091 (FF-77
'99,4
U 1WU
.91w
',,.
vs
p . f. roe
it
OAr
- LPr IAt
I49i I a•"
/- - , 9 / ._ .wrr
7-1 am o 76 4 {,49, .7 e
9,
/9.J
Otf
.a-? op'r1
rr .
I; r3
'a%
r.7
'4C
i _'
.vitCiperri /
ete sts .797 sure 
itt IISt - t --- * -.- .ItM, I~I F
Pin
'5
- ,'
,"
'3
s...I8,Ib.r I .a
* I
I l
3
.I
3,IJ.ff
.3
Kq.·1
'f.w Ma-r t* J*aI
iS'
I.y
OA-ArACJ tS~ACR. t~O
(. S
/ -
Is
/2
'7
'' *1
/P
A
I?
i ,3
i A7
-i·:L
,.-. ...•
1..' '-3
.L
i_* t,.m_.A •r
A?
/ - I
t~
I,
7-As
..- I.c'
.5-36
.1-1.0
'
t
-. o
.5.-,
.O3
/-0.
4 &
.3
rp n-Q
.t)'-/.
,I
ar·Lare
Ai ,,
I - tL
Ia- A'
ate- p
4
ir6 AM
wonl"r
- /o
C
7,0 1 1 WI7s .70l- I| p,
/.'r u T D'.. I ,'- 7
r.flt*I .C t-
ffrm
eq.'
I /r d t'
Resr
f,',74 J. 1I .:3
PATr --- I.
S_--- - _ -- . -- -r - i -- - '-
DrJWIIJ)I2 L
tA .
' 7
r.'
Yb .l.f .rl 0I~~~ - a1 4~·ZI I&±LZZII I.±J..·
.3o0 I...a I LL o!-
HIP tiZi I6Fl
7/91 7-
fW IoirkA
I "".
7in
7076
ft-In
s'2. I
7A ~
si u R
-A
.7/p I 7j
S;
7; ?sdI E& A
ti~k
I.
PtI
-* i e....
t/7t I njs
t-dM :i
9".?4 1. p
Io 7
UVrL
P
r
'
3s F
rA shr
1g 5f371y 1.21
q4 S zsrlr
I
ro~;roCI
0~/
· -
-mrr poICVi-• 7 ` - - .... !-- -~ · · ·
. - ,
--~mYL~I· I - -_ -
· 7 · r -· · · · )L
· ,
, 
,
. . , ,,
"-( .. ~ ., p. ------
f"""-- -- .-. _.. --- C- 'LL
-r --
r----m
7;
~- -- ---
~1U1_~ II
, 
, , , 
, .
, ,. , 
. ,
- --- ------- I· · ·
'__·· 
_ 
 _I,,·
~-·--1·'Y - ·-·- ;-~·-~· -'-·- _______~ __ I
1 . · 1 ·
. . ---~- · - .. . _ .
'-· . _r
·
. . . . -
f-Zz T<25 11 - - ,
-- I----
--... -
r r
- -----
'T' '. i,_ rI
=
,, ,
izl i--
kb)7
z
tr
Cd
0l
I
r·
|_1
.4vast s~dr/c~r
· 76 IY5'
_ pa~
*
(r
ss
: ME~ , 19& •. -
, a
(.47i 51 431>1 arsr
j
o l
1,
.sl-C I.~ IFQ~r~
l 0
- 1:< .*
i .I.le
.-
~ ·a~
'Qb
140
APPENDIX H OPERATOR DATA GATHERING RECORD
~It
'4-
r J R uI,
'4e
I, 5 U
n
I.
.1
CA
U b
1I
A-
141
`1··r
I I
E
L I r L L E B E
E
LIt i. r c k L L
10 6. W4 F& v w I It u - as-0.001 It
142
APPENDIX I EXPERTS' COMMENTS
Vendor A (conversation of 9/17) recommendations regarding the specific application:
1. Bottom part should be held firm preferably in a poured urethane nest. This will ensure proper
vibration of the two parts and an efficient weld.
2. Mechanical snap fit on the application restricts vibration of the part which will create an
efficient weld.
3. Shear joint puts a lot of stress on outside wall which will cause bulging of the width
dimensions.
4. Mating part should be smaller so no binding during welding
5. Weld energy is absorbed (dampened) by the battery contacts
6. The size of the joint is way too big. This oversized joint will result in longer weld cycles and
more energy being put into the assembly.
Vendor B (letter of 8/23) recommendations regarding the specific application:
1. The horn should be made from titanium and designed to only contact the outer perimeter of
the cover (about .1" per side) The center of the horn should contact the cover, but only with
enough force to prevent the cover from bowing.
2. The fixture should be made from a poured urethane material. The urethane should come up
to within .230" from the parting line. The fixture then should have adjustable
bracket/supports for the rest of the way up the sides. This will allow you to adjust the amount
of support along the side of the battery depending on the amount of outward bowing of the
sides when weld force is applied. The side brackets/supports should be made from stainless
steel or plated aluminum.
3. The texture around the perimeter of the cover (about .1" per side) should be removed to
eliminate marking from the weld horn. This will allow you to concentrate on using the
proper amplitude instead of using film or a amplitude setting that is too low for the type of
material just to reduce marking.
4. The shear joint should be replaced with our mash joint design. This design will encapsulate
the melt and reduce weld distance. The mash joint should lower the weld time (reducing
potential marking problems ) and also eliminate any weld flash that is being pushed outward.
5. Weld in Depth RPN mode
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